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CHAPTER I 
INTRODUCTION 
A rotating element is a general term that can be applied to a 
bearing in which the relative motion between the bearing surfaces is 
rotation. Thus a rotating element can be either a journal bearing or a 
thrust bearing or a combination of both. The formation of oil pressure in 
the bearing can be through hydrostatic or hydrodynamic action. This 
research will concentrate on a journal form of rotating element bearing 
in which only hydrodynam.ic action occurs. 
Essentially, a rotating element consists of two components: the 
journal, which is the inner cylindrical member, and the bearing, \vhich is 
the surrounding shell. By means of the rotating action and an eccentricity, 
the journal usually transfers the load to the bearing. This mechanism 
plays a vital role in industrial application. Within almost all mechanical 
systems there exists a journal bearing of some form. 
Wear is the phenomenon of undesired material removal. It may occur 
both mechanically (abrasion, adhesion, fatigue) and chemically (corrosion). 
Excluding the chemical process, wear can be stated as the progressive loss 
of material from the operating surface of a body occurring as a result of 
relative motion at the surface (1). Consequentially, ·wear is unavoidable 
whenever there is a relative motion between t\vO surfaces in contact. In 
order to reduce the damage caused by wear, lubricants are normally 
introduced to separate critical surfaces and hence prevent direct contact. 
1 
2 
In most applications, the surfaces between a rotating journal and 
the bearing are separated by a hydrodynamic fluid film which is generated 
and maintained by the viscous drag of the mating surfaces. The degree of 
protection depends on the bearing characteristic number, namely the 
Sommerfeld number, which is a function of the fluid viscosity, rotation 
speed, load, pressure and geometry. Theoretically, a properly designed 
journal bearing assembly provides a fluid film thick enough to protect 
the surfaces under normal operating conditions. As a result, no short 
time mechanical induced wear occurs under steady state because of this 
thick film. However, wear can occur on the start/stop condition. Fur-
thermore, if the lubricating oils contain abrasive particles with size 
compatible to the critical film thickness, wear can be induced. Thus, 
machine performance degradation follows. 
The demand for improved machine longevity performance indicated by 
operating accuracy, reliability, and service life has made designers be-
come more aware of the damage caused by entrained contaminants between 
precision moving surfaces. To reduce tribological failures resulting from 
such damage, filters are used in the system to remove damaging particles 
from circulating fluid and thus, protect components from contaminant 
abrasion. 
Throughout industry, system designers and users nave overlooked the 
significance of having proper filtration to avoid either overdesigning or 
underdesigning a critical component. They have, bowever, recognized the 
impossibility of achieving absolute removal of all particles from the 
fluid and become resigned to some contaminant level. However, designers 
realize that some filters are more efficient than others. However, de-
signers usually depend on their individual experience to size 
a filter for the system. Such "know-how" assessment normally cannot 
provide an effective and accurate way to control system contamination 
level to meet specific cleanliness requirements. Inevitable failures 
3 
still continue due to their 'ad hoc' practice. The reason for these 
failures stem from the fact that there is insufficient knowledge concerning 
the filtration phenomena available at present. 
It can be seen from the above that the performance of tribological 
elements depends not only on the lubrication mechanism but also on the 
filtration process. Thus, for a system designer, an understanding of 
the tribe-filtration phenomenon, namely, lubrication, wear, and filtra-
tion, will allow'an adequate design to ensure the function of a system. 
On the other hand, the user will benefit from this knowledge by having 
the ability to correctly select the tribological elements required to 
prolong existing system reliability and service life. Accordingly, there 
has been great interest expressed in an investigation of the combination 
phenomena of both the degree of filtration that a specific filter may 
provide and the relative severity of wear reflected by critical elements 
protected by the filter. 
This dissertation presents the theoretical development of an updated 
filtration model, called the "Beta Prime" and a reclamation wear model. 
In addition, the hydrodynamic lubrication mechanism of a journal bearing 
is comprehensively investigated. Based on the above rationales, a 
tribe-filtration performance model is formulated to predict the wear 
behavior of rotating elements in terms of system filtration characteris-
tics. Experimental work has been conducted to validate the developed 
models. 
The remainder of this dissertation presents and discusses the 
results of the entire research program. Chapter II reviews previous 
related investigations in the area of lubrication, wear, and filtration. 
The theoretical development of the tribe-filtration model is presented 
in Chapter III. Chapters IV, V, and VI illustrate the experimental 
verification of the developed models. Chapter VII delineates the appli-
cation of results obtained from this research and recommends further 
studies. Finally, Chapter VIII provides a summary and conclusions of 
this study. The Appendix contains the development and application of 
the Monte Carlo method used for simulating the filtration and tribe-
filtration process. 
4 
CHAPTER II 
PREVIOUS INVESTIGATIONS 
The performance degradation of an operating machine due to the 
effects of entrained abrasive particles in the lubrication system has 
been recognized by machine operators and system designers for a long 
time. The realization of this problem has over the past two decades 
brought about a considerable amount of research in the areas of lubrica-
tion, wear, and filtration. A thorough search of the previous literature 
has revealed that many investigations have been conducted related to the 
disciplines of lubrication, wear, and filtration. However, very little 
research on tribe-filtration phenomenon is addressed in the literature. 
This chapter reviews the previous research relating to tribology and 
filtration. It forms the theoretical basis of developing the tribe-
filtration model in Chapter III. 
Lubrication 
The use of lubricants to reduce the friction of rotating bearings is 
not new. It, at least, dates back to when ancient Egyptians greased the 
chariot wheels and axles with tallow. However, the scientific studies of 
lubrication began in -::he ninteenth century. Historically, at the beginning 
of the ninteenth century, the investigation of lubrication \vas based on 
the knm.rledge of friction processes. Nevertheless, it moved into the 
development of fluid film lubrication in the middle of the last century. 
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Dawson (2) indicated that two major reasons influenced this transition: 
a new source of lubricant, mineral oil which almost entirely replaced the 
animal and vegetable oils and the energetic growth of the machine age in 
general and the raihray in particular. This transition stimulated the 
studies of lubrication. 
The discovery and development of fluid film lubrication brought a 
widespread use of bearings in industrial application. The function of a 
bearing is to promote smooth relative motion at a low friction between 
solid surfaces (3). The journal and bearing are separated with a fluid 
film, thus, reducing the damage due to surface contact. 
It is well known that the continuous fluid film separating the 
bearing surfaces can be generated and maintained either hydrodynamically 
or hydrostatically. In the hydrodynamic lubrication mode, the fluid film 
is created by the viscous drag of the surfaces themselves. In contrast, 
to the self-acting case, a hydrostatic bearing is externally pressurized. 
The film is generated by an external pressure source that forces the 
lubricant between bearing surfaces. 
Most early work on lubrication study was devoted to journal bearings. 
In 1883, Petrov (4) initiated the first theoretical approach to show 
how the friction of a bearing could be related to fluid viscosity. He 
indicated that the fluid lubricating characteristic under constant 
temperature was generated by viscosity rather than density. This innova-
tive finding brought the research of lubrication into a new discipline. 
Petrov applied Newton's law of viscosity to the hydrodynamic principle of 
a rotating concentric journal, and found that the friction force between 
bearing surfaces could be formulated in terms of viscosity, surface 
velocity of the journal, and the mean effective film thickness. Petrov's 
6 
equation is still valid today for light load bearings. 
About the same time, Mr. Beauchamp Tower (5) in England \vas inde-
pendently investigating the friction mechanism of the journal of a railway 
car wheel, and accidently discovered the hydrodynamic pressure character-
istics in oil films in the journal bearing. The achievement of Tower's 
work set both the experimental and conceptual basis for analyzing the 
lubrication mechanism of a journal bearing. 
After analyzing Tower's experimental results, Professor Osborn 
Reynolds applied the principles of fluid mechanics and found that the 
results can be well explained. In 1886, Reynolds (6) formulated a mathe-
matical foundation to analyze the function of hydrodynamic lubrication. 
This was the now well known Reynolds equation. This equation will be 
discussed in Chapter III. 
The Reynolds equation indicates that there are three major parameters 
which contribute to the generation of a sufficient pressure to carry the 
load. These parameters are the wedge, stretch, and squeeze effects. As 
a result of the pressure formation, the bearing surfaces are separated and 
hydrodynamic lubrication is achieved. 
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At the beginning of the twentieth century, Stribeck (9) carried out 
many experiments in studying the effects of operating variables on the 
friction and lubrication of bearings. At the same time (1904), Sonrrnerfeld 
(10) using a subtle substitution solved the Reynolds equation and compared 
the theoretical results with the experimental results obtained by Stribeck. 
This work correlated the coefficient of friction of a given bearing with 
fluid viscosity, journal rotation speed and load. A graphical representa-
tion of the Stribeck curve is illustrated in Figure 1. It should be noted 
that there are three lubrication regimes that can be distinguished, based 
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on the fluid film thickness, h, and the bearing surface roughness, r. 
They are 
1. Hydrodynamic lubrication (h>> r) 
2. Hixed lubrication (h = r) 
3. Boundary lubrication (h ~ 0) 
Hydrodynamic lubrication is maintained as long as the continuous 
fluid film thickness is much larger than the surface roughness. Normally, 
hydrodynamic lubrication exists if the film thickness ratio, the ratio of 
film thickness to surface roughness, is greater than five. In engineering 
practice the upper limit of 100 for this ratio is seldom exceeded. Thus 
the film thickness ratio of hydrodynamic action ranges from 5 to 100 
(11, 12). Within this range, oil film pressure is formed and load sup-
ported. Theoretically, no wear can take place in this regime. This 
characteristic is of tribological significance in the investigation of the 
tribe-filtration phenomenon. 
9 
In the boundary lubrication regime, the fluid film thickness basically 
does not exist. There is direct contact between solid surfaces. Obviously, 
the wear process is governed by the chemical nature at the surface inter-
face and the lubricant, and the surface property of the bearing. 
Mixed lubrication clearly exists between the hydrodynamic lubrication 
and boundary lubrication. The load is partially supported by the oil 
film pressure and partially by the contact of surfaces. The lubrication 
mechanism is extremely complicated in this regime. 
It is surprising that there are no major papers published regarding 
ne~v principles for lubrication since Reynolds developed the fluid film 
equation. For almost one century, the general trend in lubrication study 
appears to be a search for an effective numerical method to solve the 
Reynolds equation for specific problems of interest. Especially, as in 
the past three decades, due to the fact that the use of computers has 
become widespread. 
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Up to this point, theoretically, the ~..rear of a rotating element can 
be well controlled through the application of the hydrodynamic theory. 
Regardless of applying the surface separation mechanisms, wear still takes 
place between bearing surfaces. The question to be answered is why? 
Excluding the chemical influence and surface fatigue, the wear pro-
cess in the hydrodynamic lubricating condition changes from surface to 
surface contact to abrasion caused by the external entrained abrasive 
particles. 
After World War II, the new trend in machine design was to improve 
the accuracy and reliability of an operating system. This led to a 
reduction in film thickness. By virtue of this abrasive wear between 
precision surfaces, once trivial, became important. The reason for this 
particulate matter which originally passed between the bearing surfaces 
now interacted with them. This process has received increasing attention 
from most tribologists since the 1960's. The next section will review 
some related research regarding abrasive wear. 
~.J'ear 
Hear is the process of umvanted material removal. The study of wear 
behavior has been a practical interest for several decades. However, the 
systematic investigation of wear phenomena did not receive much attention 
from tribologists until the end of World War II. 
To have a better understanding of wear process, researchers classified 
wear into many categories. Nevertheless, due to the inherently complex 
process of wear, no common classification exists up until now. From the 
standpoint of wear mechanism, normally, at least four wear mechanisms can 
be summarized as follows (7, 15, 16, 17): 
1. Adhesive 1;-1ear 
2. Abrasive wear 
3. Corrosive wear 
4. Fatigue wear 
Adhesive wear occurs if there is solid surface to surface contact. 
l1 
Material is transferred from one surface to another during relative motion. 
This wear behavior mainly depends on the material characteristic of con-
tacting surfaces, surface roughness, and fluid lubricity. 
Abrasive wear is caused by the plmving action of a hard particle or 
asperity abrading on a softer surface. Normally, it includes two 
mechanisms: two-body abrasion and three-body abrasion. In two-body 
abrasive wear, a rough hard surface slides against a softer surface. In 
three-body type, abrasion is caused by the entrained abrasive particles 
sliding between rubbing surfaces. The particle may embed on the softer 
surface and functions as a cutting tool to abrade the harder surface. 
Corrosive wear is the process in which a chemical reaction with the 
environment pre-dominates. It depends on the environmental parameters and 
the chemical property of lubricant. 
According to the fatigue theory of wear, failure takes place due to 
the cyclic stress variation. In the past, fatigue has been considered as 
a minor mechanism to cause wear. Hm-1ever, recently it has become a signi-
ficant factor in explaining the wear process; especially, if the wear 
material is elastic, or the reaction force is cyclic. 
In addition to the above classification of wear mechanism, wear can 
12 
also be classified, according to the lubrication condition, as an unlubri-
cated wear process or a lubricated wear process. In the unlubricated 
process, the wearing surface is not wetted by oils or other lubricating 
fluids. In the latter case there are lubricating fluids between the sur-
faces that have relative motion. The tribological wear behavior of a 
hydrodynamically lubricated rotating element, the subject studied in this 
research, falls into the category of the lubricated, three-body, abrasive 
wear. 
At present, no consistent theory of lubricated wear has been developed. 
The reason stems from the fact that the introduction of a lubricant into 
the tribological systems dramatically complicates the analysis of wear 
mechanism. The operating condition, fluid property, and environmental 
factors have to be considered. Furthermore, the three-body wear process, 
normally, encompasses both the indentation and abrasion mechanism; 
further complicating a theoretical analysis. As a result, there is a 
general reluctance of tribologists to devote themselves to the investiga-
tion of a lubricated, three-body wear. However, the lubricated, three-
body wear is one of the major wear mechanisms in engineering practice. 
Therefore, it is of prime importance to investigate this process. 
Although the mechanism of the lubricated wear and unlubricated wear 
is different, some of the basic principles are applicable to both cases. 
Consequently, it is believed that a brief review of the relevent subjects 
on the unlubricated wear would provide a strong background in developing 
the lubricated wear model. 
Both the two-body and the three-body abrasive wear in an unlubricated 
condition have been investigated by many researchers (18, 19, 20, 21, 22). 
From these findings, it was realized that the abrasive wear depends on a 
great number of variables. However, from the standpoint of contaminant 
control, the component hardness, abrasive particle size, and contaminant 
concentration are the major factors in governing the wear process. 
Primarily, the study of the abrasion mechanism was initiated by 
examining the wear behavior of a solid surface sliding on emery paper. 
13. 
The main objective was to investigate the wear resistance of metal to the 
abrasive particles. Khrushchev (23) found a direct relationship between 
wear resistance and hardness of metal. He indicated that for a given 
steel which has been heat treated, the slope of the wear resistance to the 
hardness was lower than that for pure metals. Recently, Murray (24) 
postulated that the relationship between abrasion resistance and metal 
hardness was not linear. The discrepancy was claimed to be due to the 
effect of the attack angle of contacting abrasive particles. 
The effect of particle size on wear rate has received more attention 
as compared to any other factor. This is probably due to it presenting 
a physical approach for the calculation of the "tvear rate relating to known 
operating conditions. Normally, the wear models were developed by assum-
ing either a conical (19, 22, 25) or a wedge (26, 27) shape particle. The 
experimental results showed that the wear increases with the particle size 
up to some critical diameters, in general, in the region from 50 micrometers 
to 80 micrometers, and then either slowly increases with the particle size 
or remaining constant. Rabinowicz (25) stated that the critical diameter 
effects are due to the interference between the abrasive process and the 
adhesive wear process. However, Larsen-Badse (28) postulates that this 
phenomenon is caused by the specimen size, since different lengths of an 
abrasive particle have a different effect on the deterioration with 
different grit size. 
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It would seem logical that with more abrasive particles in the system, 
a higher wear rate would be obtained, because the component surface has 
a higher probability of damage by the particles. This implies that wear 
increases with contaminant concentration (29, 30, 31) .. Normally, the 
wear rate is proportional to the concentration until some saturation 
point is reached. The saturation phenomena is understandable since a 
rolling effect occurs at a high concnetration level. This effect is 
discussed in Chapter IV. 
Abrasion with lubricated systems has received very little attention 
in the literature. In 1951, Roach (32) conducted a bearing wear test 
with abrasive particles in the lubricants. The bearing operated with a 
constant rotating radial load under the hydrodynamic condition. From 
the test result, he found taht the bearing wear rate increases linearly 
with abrasive particle size and particle concentration of the lubrication 
system. In 1965, Breeder and Heijnekamp (33) reported a similar result 
as Roach's work regarding the particle size. However, different from 
Roach's results, they found that the wear was not distributed uniformly 
around the bearing circumference but there was more wear at locations of 
smaller oil-film thickness. Ronen (34) extended Breeder and Heijnekamp 's 
work under dynamic loading conditions. Experimental tests were conducted 
with both clean oils and contaminated oils. It was found that wear in-:-
creased dramatically in the contaminated case. Furthermore, the wear 
tended to occur at the smaller oil film thickness. Recently, an investi-
gation was carried out by the Fluid Power Research Center on the wear rate 
of lubricated piston-ring assembly by abrasive particles in the oils (27). 
The wear phenomenon was studied by the Ferrography wear analysis tech-
nique. The result showed that maximum wear is obtained if the particle 
size is compatible to the minimum oil-film thickness. This manifested 
the significant relationship between the particle size and the minimum 
oil-film thickness on the lubricated wear investigation. 
In addition to the abrasion mechanism, the concept of fatigue has 
been viewed by some investigators (35, 36). It is postulated that sur-
face fracture arises from a considerable number of impacts on a single 
point by contaminants. The fatigue failure.usually occurs in the Elastic 
Hydrodynamic (EHD) lubrication condition. The wear is not obviously 
revealed during a short testing time. Normally, it requires more than 
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100 million cycles to produce the failure of a lubricated bearing (35, 36). 
Filtration 
It has been recognized that the abrasive particles are harmful to 
the bearing surfaces. Particulate contaminants may be generated by the 
operation of the system or entrained into the system from the dirty environ-
ment. In order to avoid system malfunc,tion due to contamination damage, 
the abrasive particles should be removed from the system. 
In the past, changing the lubricating oil after a certain operation 
period was believed to be the best way to provide a clean operating con-
dition; thus, it might protect the bearing from abrasive damage. However, 
there is no guarantee that the "new" oil provides a cleaner operating . · 
condition. A "new fluid" cleanliness survey including forty-three samples 
was conducted. by the· Fluid Power Research Center at Oklahoma State Univer-
sity, and it was found that the contamination levels observed were as high 
as 22,000 particles per milliliter greater than the 10 micrometers, and 
gravimetric levels of 218 mg/liter can be expected in the new fluids(37). 
Apparently, using filters to remove contaminants is a necessity. 
Filters utilize mechanical screens or porous media to remove or 
retain particulate contaminants from circulating fluid. Apparently, a 
filter not o~ly has to remove particles from the system but also allows 
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the fluid to pass through. As a matter of fact, no filter can completely 
separate particles from circulating fluid. Consequently, there is a com-
promise between the degree of particle separation and the designed flow 
rate. In other words, as long as there is flmv passing through the filter, 
there is an opportunity for particles to pass through it. Therefore, a 
very basic question in filtration is how efficiently can a filter remove 
particles from the system. This stimulated researchers to study the 
rationales in assessing filter performance. 
In general, two approaches have been made in trying to evaluate fil-
ter performance. They are from the standpoint of either component design 
aspect or system contamination control. In the area of component design, 
it is centered on the study of particle capture mechanism regarding the 
internal structure of filter media. However, a filter is treated as a 
control element in the system contamination control approach. 
Sieving mechanism and surface force effects are two major parameters 
pertaining to the study of particle capture mechanism. In the past, fil-
ters were considered as a two-dimensional sieve. Particle capture is 
determined by means of the geometrical relationship between particle size 
and filter pore size. Normally, a particle is retained by the filter if 
the dimension of the particle is larger than that of a sieve hole. It is 
evident that the sieving mechanism is governed by the functions of particle 
size distribution and the filter pore size distribution. Therefore, the 
application of a statistical method has been widely used in studying the 
sieving process. Tucker (38) used wire cloth filter ~edia with a normal 
distribution for the capillary size distribution and, exp,erimentally, 
verified that the related filter efficiency had the same distribution of 
the capillary size.· Further, he reported that the efficiency curve 
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changed for a multiple layer filter even if the filter had the same medium 
as a single layer filter. The efficiency curve was correlated as the func-
tion of the transmission factor with a power of n, while n is the number 
of layers of media. Similar results were found by Rosenfeld (39). He 
indicated that the pore size distribution of a single layer filter bears 
the Gaussian shape and that the greater the number of layers the nearer the 
pore size distribution to a logarithmic Gaussian curve. No mathematical 
expression was made in his report. 
Stuntz (40) extended Tucker's work and he comprehensively studied the 
development of the mathematical model for the filtration process of a 
hydraulic system. Sieving was the only mechanism of particle capture con-
sidered in his study. Both the particle size and filter pore size were 
treated stochastically. Filter efficiency was represented in terms of 
particle size and filter pore size distributions. He empl,oyed both the 
numerical integration and Monte Carlo simulation techniques to analyze the 
formulate model. Results revealed that errors existed bet..:veen simulation 
results and experimental data. He pointed out that the major discrepancy 
caused by the model was idealized by the use of regular geometric shapes 
and considered the capture only by sieving. However, this is not the case 
in the actual application. Despite the error, Stuntz's work was very in-
structive in the study of sieving mechanism. 
In contrast to the approach of Tucker's and Stuntz's methods in 
analyzing the sieving mechanism, English (41), based on the principle of 
mass conservation in a close system, developed a model to illustrate the 
efficiency of the filter. The model is a first order system. Filter 
performance is designated in terms of the residue on the sieve at any 
instant. The model was experimentally verified. However, it required a 
great number of parameters before using the model. 
Surface force is another important consideration in filter design. 
The mechanisms which may contribute to surface force are categorized 
as (37, 39, 40): 
1. Direct Interception 
2. Inertial Impaction 
3. Brownian Diffusion 
4. Gravity 
5. Hydrodynamic Effects. 
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These factors have been detailed in many investigations (42, 43, 44). 
Particle retention is mainly due to the interference of forces between 
particles and filter media. One of the commonalty of this approach, is 
that the developed filter models are usually very complicated and incor-
porated with a lot of unkno~vn quantities. They restricted the study of 
filtration in the state-of-the-art. No direct application can be easily 
obtained. 
In order to reduce the void between theoretical developments and 
practical applications, many efforts have been made around the world in 
trying to evaluate filter performance effectively. One of the earliest· 
available hydraulic filter test specifications is MIL-F-5504 (October, 
1958). It specified two important filter assessment methods: the bubble 
point test method and the nominal filter rating method. 
The bubble point test determines the pressure needed to force a bubble 
through the pores of a submerged filter. Theoretically, the pressure 
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differential across a capillary is inversely proportional to the size of 
the hole. Therefore, the comparison between pore size of filters can be 
observed. 
In the "nominal" rating, the filter is supposed to catch 98 percent 
of all incidental particles greater than the rating. Test dust used is 
the full distribution of AC Fine Test Dust. However, the nominal rating 
does not specify the upper limit of the size of the particle which could 
be passed. 
In March, 1960, the MIL-F-8815 was specified which established an 
"absolute" rating system. This method specifies a filter in terms of 
the minimum size of spherical particles that the filter can capture. 
However, actual test results reveal that no filter can absolutely retain 
all particles greater than a given size and pass the test. Figure 2 
illustrates the discrepancy between the actual filter performance and the 
ideal performance. 
To help minimize the mentioned discrepancies and to improve the fil-
ter assessing technique, an innovative rating method, called the Beta 
filtration ratio, was introduced by the Fluid Power Research Center at 
Oklahoma State University in the early 1970's. The Beta filtration ratio 
is defined as the number of particles greater than a given size in the 
influent fluid to the number of particles greater than the same size in 
the effluent fluid during the operating process. The Beta method provides 
a simple figure of merit in which to rate the particle separation capacity. 
Due to its effectiveness, the Beta has been accepted as an International 
Standard Organization (ISO) standard. 
Recently, many complaints have been voiced by designers and users 
about higher than expected contamination levels caused by improper 
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location of filters. The new trend in modern machine design indicates that 
both pressure line and suction line filters are not adequate. Instead, the 
off-line filter design is more effective. Many advantages can be obtained, 
subjected to the system's efficiency, reliability and service life, 
through the use of off-line type filtration process. This new process 
usually includes low flow and high beta type filters. Currently, a great 
deal of research has been done at the FPRC in evaluating the performance 
of these two types of filters. Experimental efforts to utilize the cur-
rent contamination control theory have been disappointing. One of the 
major reasons stems from the Beta theory being derived from a "dynamic" 
basis. Due to the complex function of the filtration process, the dow~­
stream particle concen·tration does not maintain at a relative ratio to 
the upstream particle concentration throughout the entire process. Any 
attempts to obtain a high sensitivity ratio for a high beta filter 
encounter the problem of ratio instability. Despite the success of Beta 
in dealing with the commonly used filters, it is necessary to update the 
beta theory so that it may encompass a general scheme for assessing filters. 
The previous work of the author and that of the other investigators 
has established the need for the development of the ·tribe-filtration 
model. Details of the theoretical development are illustrated in the 
following chapter. 
CHAPTER III 
DEVELOPMENT OF THEORETICAL MODELS 
In chapter II, literature relevant to this subject was surveyed. It 
was realized that in order to achieve the investigation of the tribe-
filtration phenomena, three major disciplines are involved: lubrication, 
w·ear, and filtration. This chapter presents the theoretical models of 
these three parameters bringing them together to formulate the tribe-
filtration model. 
Hydrodynamic Lubrication Model 
It is well known that a converging, wedge-shaped film is a major 
cause of generating an oil pressure to separate bearing surfaces. The 
physical process of the wedge effect can be gained by considering the 
simple pad bearing in Figure 3. The tilting pad is stationary and with 
an inlet gap h1 larger than the outlet gap h0 . The loaded surface of the 
pad moves at a velocity U. The gap bet~veen the pad and the moving surface 
is flooded with a viscous incompressible lubricant. Assume that initially 
the velocity distribution at the inlet is linear with a null velocity at 
the pad surface and a velocity of U at the moving surface.. It is also 
assumed that the velocity distribution at outlet follows the linear rela-
tionship. Since h1 is larger than h0 there would be an excess flow in the 
system. This is against the principle of continuity of flow. As a result, 
a pressure is generated to overcome the work of the excess flow. This 
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provides the theoretical basis of hydrodynamic lubrication. 
Excluding the stretch and squeeze effects, the hydrodynamic lubrica-
tion characteristics can be well described by the Reynolds equation which 
takes the follov1ing form: 
) = 6 u ndh 
dx (3 .1) 
where x = coordinate 
y = coordinate perpendicular to x 
h film thickness 
P local pressure within the film 
U surface velocity in x direction 
n = absolute viscosity of lubricant 
A journal bearing behaves in an angular motion rather than a linear 
motion. Further, the film shape of a journal bearing is more involved 
than that of a pad bearing. Thus, before employing the Reynolds equation, 
Equation (3.1), to analyze a journal bearing performance, proper coordi-
nate transformations regarding the reference coordinates and the film 
t"ilickness must be made. 
Figure 4 illustrates the geometry of a journal bearing. Consider 
the journal of radius R rotates in the bearing of radius R0 , and the 
shaft has ar eccentricity of e. From the geometric relationship of R, R0 , 
and e as shown in Figure 4, an approximate expression of film thickness 
at rotation angle 8 is: 
h c + e· cos 8 (3. 2) 
Hhere h = fluid film thickness 
c· = radial clearance 
e eccentricity of the shaft 
Figure 4. Geometry of Approximate Oil 
Film Thickness Relation 
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e = rotation angle 
Define an eccentricity ratio, E, as 
E = e I c (3 .3) 
then, Equation (3.2) becomes 
h = C•(1 +&COS ) (3. 4) 
Furthermore, x, the coordinate in the direction of motion is 
correlated by the journal radius, R, and the rotating angle, e, as 
x = R·e (3.5) 
Substituting Equations (3.4) and (3.5) into Equation (3.1), gives the 
Reynolds equation for a finite journal bearing (13), 
-E·sin8 (3. 6) 
where 
Y* = Ly 
p* 2 I 61TUR pc 
L = journal length 
p = local pressure 
c = radial clearance 
n = fluid viscosity 
R = journal radius 
Equation (3.6) can only be solved analytically for special cases. In 
general, it is solved numerically to calculate the pressure distribution 
between the bearing surfaces. The mathematical precedure has been de-· 
tailed in many texts related to the lubrication engineering, for example 
in Reference 13. The solution for the local pressure is then applied to 
correlate the external load characteristic to b'earing parameters and 
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operating conditions. The bearing load can be expressed as 
R 2 2 2 ;, W f = 6Un (~) L ( ( I I p~·~. cosededy) + ( I I p~~. sin8d8dy) ) 2 (3.7) 
Where wf~is the IJcoaci. 
It can be shown that in formulating the load equation a parametric group 
is derived that involves bearing characteristics. This parametric group; 
known as the Sommerfeld number, is represented as 
s = (R/c)~ (Nn/p) 
where N is the rotating speed. 
Thus, Equation (3.7) is rewritten as 
2 2 !., s =((II p*·cosededy) +err p*.sin8d8dy) ) 2 I 6~ 
(3.8) 
(3. 9) 
Normally, Equation (3.9) is illustrated graphically to signify the rela-
tionship between the Sommerfeld number and the eccentricity ratio of the 
journal. Figure 5 shows a typical S - "! graph of a 180° journal bearing. 
The S - e: bearing characteristic curve is of physical significance 
in calculating the dimension of fluid film thickness. It is obvious 
that by giving a bearing characteristic number, one can obtain the re-
lated eccentricity ratio. Therefore, the film thickness can be calculated 
from Equation (3.4). 
From the standpoint of tribological wear, the extremities of the 
fluid film thickness are of more significance because these values deter-
mine the severity of contaminated wear. The maximum thickness specifies 
the upper size of a particle that can entrain into the bearing surface and 
it may cause ~-.rear. On the other hand the minimum thickness determines the 
lowest size of a particle that may cause wear. These two parameters can 
be directly derived from Equation (3.4), and are shown as: 
h max c-(1 + e:) (3 .10) 
rrn"m"rTTT1"m'T1TT"m====rrrr.,....,-r, =,--.-··~.IT,., '"'IT1i .,., rr11 rr. ,..,, =rrcc~-rrrm",.,-,. ! __ !_ 
_180° Beanng __ ·-
e 
I 
100 
... 
10 
5 
\as 
I 
~ICt: 
"'I" !:::;, 
"' II) 
Figure 5. S - e Graph of 180° Journal Bearing 
28 
29 
and 
h min = c~l - E) (3.11) 
where h max = the maximum oil film thickness 
h min = the minimum oil film thickness 
c = radial clearance 
E = eccentricity ratio 
Equations (3.10), and (3.11) provide the required information in sizing 
a filter to reduce component damage from the abrasive wear. They will 
be part of the major considerations in the development of the tribe-
filtration model. 
Tribological Wear Model 
To evaluate the influence of the system filtration characteristics 
on component wear performance, the contaminant sensitivities of the 
rotating elements must first be determined. In the tribological systems, 
contaminant induced wear is caused by particles entrained into the lubri-
cant between surfaces in relative motion. The tribological wear investi-
gated in this research is intended to signify the component wear behavior 
regarding the interferences between the entrained abrasive particle 
properties and fluid lubrication condition. 
As noted in Chapter II, abrasion and fatigue are the two major 
mechanisms normally postulated in investigating the contaminated induced 
wear. Abrasion is the predominant wear mechanism imposed on the associ-
ated moving surfaces if the abrasive particles are hard enough to cut the 
wearing surfaces. On the other hand, the fatigue mechanism fails the 
surfaces if the entrained particles perform indentation but not cutting, 
or the loading pressure is cyclic. Generally, the fatigue wear occurs 
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after a great number of rotation cycles. 
In design practice, the hardness of a journal is harder than that of 
a bearing. Therefore, this material combination provides a suitable envi-
ronment for the abrasive particle to embed on the softer material surface 
and abrade the harder surface. As a result, abrasion becomes the predom-
inant contribution to wear the bearing surfaces. 
In this investigation, Air Cleaner Fine Test Dust (ACFTD) was employed 
as the abrasive particle. The advantages of using ACFTD are that the pro-
perties of ACFTD are inherently close to that of silica which is the major 
solid contaminant existing in a lubricating system and its particle size 
and concentration can be precisely controlled. Accordingly, it provides 
a realistic approach to simulating a contaminanted environment. 
The shape of the abrasive particle is one of the major parameters in 
the development of a wear model. There are many shape models that have 
been postulated to represent the shape of an abrasive particle (25, 26, 
45). For instance, a cone, ellipsoid, spheroid, or square prism. ACFTD 
was examined under the scanning electronic microscope (SEM) to determine 
the shape of an ACFTD. Figure 6 illustrates the result observed. 
Apparently, the shape of an ACFTD is irregular, nevertheless, it is close 
to that of a square prism. 
Kroeker (46) defined the shape of an ACFTD as a square prism with a 
1.25 length ratio of the longest side to the square side. The longest side 
of a particle has been universally adopted as the standard size for a par-
ticle (37). For example, a particle of 10 micrometers in the Kroeker's 
model indicates the particle has the longest side of 10 micrometers and 
the square side of 8 micrometers. This quantitative description of an ACFTD 
has been successfully adopted by Inoue (27) to develop a three-body 
Figure 6. Shape of ACFTD Observed Under 
SEM, lOOOX 
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abrasive cutting wear model. Consequently, throughout this analysis, 
contaminants are assumed to have the same physical and geometrical 
properties as that of ACFTD. 
As mentioned previously, a lubricated, three-body abrasive wear 
mechanism consists of a multi~process: lubricating, indenting, and 
cutting. In the following analysis of abrasive wear, it is assumed that 
the oil film is thick enough to provide an ideal hydrodynamic lubrication. 
Further, only particles with size between the range of the minimum and 
maximum film thickness may cause the wear. In addition, the particle is 
hard enough to indent and cut metal surfaces. 
The mechanism of cutting has been comprehensively studied in the 
early 1950's (47, 48, 49). Because the behavior of cutting and abrasion 
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is similar, the cutting theories have been widely applied to abrasion 
analysis. However, it is noted that the function of tool cutting is merely 
a two-body abrasion. This theory cannot simply apply in analyzing the 
contaminated induced wear system. Recently, Inoue (27) observed that the 
abrasive process can be advanced to analyze the three-body cutting mechan-
ism by using the conventional cutting model (50) incorporated with the 
wedge indentation model (51). 
In Inoue's wear model, the cutting rake angle was specified to be null 
and the model was not explicitly expressed in terms of Hear. However, in 
the abrasion process, particle attitude is in a random manner. The rake 
angle is not always null. To improve these shortcomings and give an 
explicit expression of the wear model, the following analysis is developed 
to extend the abrasion model in a more. realistic form·. 
Figure 7 schematically presents the three-oody cutting process. The 
abrasive particle embedded in the softer surface and abraded the harder 
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surface. Assume that the square side surface of the particle is 
perpendicular to the moving direction, according to the low energy prin-
ciple. And the harder surface is abrades orthogonally by the longer side 
of the particle. Note that the rake angle, Y, is included. 
Applying Ernst and Merchant's (50) cutting theory, the cutting force 
can be formulated as 
F = 2 T • d · d ·cot (0. 25 'IT + 0. 5 Y + 
c h p c 
where F = cutting force 
c 
-1 0. 5 tan ( 11)) 
'h = material shear yield stress of harder surface 
d = entrained particle size p 
d cutting depth 
c 
y = rake angle 
l-l = coefficient of friction 
(3.12) 
Using the geometric relationship shown in Figure 7 the rake angle, Y 
, is expressed in terms of the inclination angle, a , as 
y=a -0.25'11" (3.13) 
Consider now, the indentation process. This is the breakthrough in 
rationale from the conventional two-body or three-body cutting wear to 
lubricated abrasive wear. Based on Grunzweig's (44) wedge indentation 
model, Inoue (27) correlated the indenting pressure, p, with the coeffi-
cient of friction, 11, for a rectangular angle indentor as 
p = (3.154 + 4.05ll-l- 1.457l-l 2 - 121-lJ)•T 
s 
where T is the shear yield stress of the material being indented. 
s 
(3.14) 
In considering force equilibrium between cutting force and indenting 
force, the following relationships are derived: 
F · sec a.= p ·d.· d · (sinS • csc(a-8) - cos8 · sec(a-8)) 
c l p (3.15) 
F · csca. = F·cos( Ct.- O.Srr) 
c 
where F external force on a single particle 
d. = indenting depth 
~ 
a. = inclination angle relative to moving 
e = diagonal angle in square surface. 
-1 
e)) Let 0 = tan (cot(a. -
surface 
then, Equation (3.15) and (3.16) can be written as 
and 
F ·seca. = p·d.·d ·sin(a. -o) 
c ~ p 
F = 0.5 F·sin(2a.) 
c 
Referring to Figure 7, it is seen that 
d = L·sina. - d - d. s c ~ 
and 
-1 I L) e = tan (d s 
where d = side length of prism square equals 
s 
L == diagonal length of prism square 
to 0.8 d p 
Solving Equation (3.15) and (3.20) simultaneously yields 
d = -----------~1~·~1~3~s~i~n~a.~--~0~·~8------~~-----
c "( -1 1+(_1!. ) 2 cot (0. 5 a:t-0 .125 ;r-0. Stan ( JJ) ).sec a. 
's (3.154+4.051 ].r-1.457 i-12 JJ3)· sin~!!- 6) 
d p 
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(3.16) 
(3.17) 
(3.18) 
(3.19) 
(3. 20) 
(3. 21) 
(3. 22) 
Thus, the cutting depth depends on the compnent's material properties 
(, h, 's), particle size (dp), particle orientation (a.), and fluid 
properties (JJ). Written briefly, 
d = f ( 'h' "( 'a., JJ) d c c s p (3. 23) 
From Equation (3.22) and Equation (3.23), the expression of function f 
c 
is obvious. 
The indenting depth, d., can be obtained by substituting Equation 
]. 
(3.23) into Equation (3.20). 
36 
d. = f. ( ]. ]. 11 )·d p (3.24) 
where f. = 1.13 sina- 0.8- f . ]. c 
Substituting Equation (3.24) into Equation (3.18), and then combin-
ing Equation (3.18) and Equation (3.19) together yields 
F = 2 sec(2a)·sina-p·f .. sin(e - o)·d 2 ]. p (3.25) 
Equation (3~25) is a highly nonlinear equation. It can not be solved 
analytically and must be solved numerically in order to determine the 
inclination angle, a, subjected to a given external force for an indi-
vidual particle of size d • In turn, the calculated value of the incli-
P 
nation angle is substituted into Equations (3.23) and (3.24) to calculate 
the cutting depth and indenting depth. 
In many cases, the material properties are expressed in ter1s ·. · r.he 
tensile yield stress rather than the shear yield stress. The conversion 
can be achieved by employing the von Mises yield criterion which is 
expressed as 
(axx - a )2 + (a - crzz)2 + (a - a )2 + 6(a 2 yy yy ZZ XX xy 
= 2 s 2 t 
where cr .. = principle stress along direction i 
].]. 
crij = shear stress parallel to plane ij 
st = material tension yield stress 
+ 0 2 + a 2) yz zx 
(3.26) 
Consider the cutting process, Figure 7. Let they-axis be normal to 
the shear stress plane, and assume that there is no strain in the Z 
direction, thus, 
a = a: yy . h (3. 27) 
37 
a = T 
xy h (3. 28) 
(3.29) 
and the other stress terms are zero. 
Substituting Equation (3.27), (3.28) and (3.29) into Equation (3.26) 
gives: 
(3. 30) 
A similar procedure can be followed to convert the shear stress of 
the indented material into the tensile stress. At first step of this 
investigation it is assumed that the shear stress plane is parralel to 
the wedge surface and the coefficient of friction between the ACFTD to 
both wearing surfaces is indentical, then the shear stress term in 
Equation (3.22) can be replaced by the tensile stress. 
It is of interest in applying the derived cutting depth, Equation 
(3.28), to formulate the tribological wear model. Referring to Figure 8, 
it is obvious that the cutting wear rate caused by particle of size dp is 
Wdp = de· dp· ndp. Q·t (3.31) 
where Wd = wear rate caused by particle of size d p p 
d 
c 
cutting depth 
d = particle size p 
t = sliding distance 
ndp ~ particle concentration of size dp 
Q = flow rate pass through the bearing 
Equation (3.31) gives the wear rate in terms of volume loss per unit time. 
Consider the case where the material is homogeneous and that the 
operating conditions are constant during a test. By virtue of this, the 
function f in Equation (3.23) is a constant. Let it be k , then 
c c 
38 
Figure 8. Illustration of Accumulative Wear 
d = k. d 
c c p 
Therefore, 
2 
= k • N · d d dp p 
=k·t·Q 
c 
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(3.32) 
(3.33) 
Equation (3.33) indicates that the abrasive wear rate is proportional to 
the particle concentration and the square of particle size. As a result, 
the total abrasive wear rate of a journal bearing under hydrodynamic con-
clition is 
where 
w = ~ max 2 . kd·n(x)·x dx m~n 
w = total abrasive wear rate 
n(x) = particle concentration with size x 
x = particle size 
h min = minimum oil film thickness 
h max maximum oil film thickness 
Beta Prime Filtration Model 
In Chapter II, it was noted that the Beta filtration ratio is 
(3.34) 
derived from the instantaneaous values of the upstream and downstream 
particle concentrations. This may introduce the problem of ratio insta-
bility. Consequently, it is conceived that if the reference concentration 
is a constant value instead of a time variant upstream concentration level, 
the instability problem can be avoided. Based on this concept the Beta 
Prime rating method is formulated. The "Prime" being used to signify the 
difference of the reference upstream particle concentration level used. 
In the Beta Prime system, a constant initial particle concentration level 
is used to formulated the filtration ratio. The new Beta Prime theory is 
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Nd(t) 
- J3 '(t) = No/Nd(t) 
OPERATING TIME 
Concept of Draw Down Test 
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derived from a "drawdown" basis and uses the schematic shown in Figure 9. 
In the filtration ratio approach, both the Beta and Beta Prime 
methods, in fact, are dealing with the probability that a given particle 
may pass the filter. Hence, if initially there are Ndp(O) particles 
greater than size dp in the system, and there are Ndp(t) particle greater 
than the same size in the downstream of the filter at time, t; then the 
cumulative probability that particles of a size greater than d may pass p 
the filter is 
Bdp(t) = Ndp(t) / Ndp(O) (3. 35) 
On the other hand, the cumulative probability of particles being 
captured and retained by the filter is 
(3.36) 
Obviously, the density function of a capture can be expressed as 
d 
r (t) = --- (B (t)) dp dt dp (3.37) 
Hence, the rate of capture is 
cdp(t) = rdp(t) I Bdp(t) (3.38) 
Rearrange Equations (3.37) and (3.38), and integrate 
Jcdp(t) dt =- ln Bdp(t) (3.39) 
Statistically, the left hand side term of Equation (3.39) represents 
the cumulative probability of the capture rate. Figure 10 depicts the 
relationsh~ps between the various quantities appearing in the above 
analysis. Physically, the cumulative capture rate depends on the filtra-
tion mechanism. It may be affected by many factors, for example, caking, 
blocking, particle desorption, etc. This phenomenon has been investigated 
in a variety of fields. A general model can b~ concluded and is illus-
trated as 
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f t a c (t) dt = (--) dp s·T (3. 40) 
where a = the characteristic process constant 
T = the characteristic time constant 
s = the time scaling constant 
And the characteristic time constant is a function of fluid volume, V, 
and fluid flow rate, Q, 
T = v I Q 
Thus, substitute Equation (3.40) into Equation (3.39) gives 
and 
- ( ____;t:_ ) 
e s•T 
a 
a 
(3.41) 
(3.42) 
(3.43) 
Apparently, Equations (3.42) and (3.43) bear the Weibull distribution· 
characteristics. 
Suppose that particles are perfectly mixed in the fluids, and all 
fluids pass through the filter once during a complete circulating time. 
Thus, the value of the Beta Prime is 
sdp(t) = B 1 Ct) 
dp 
(3. 44) 
It is well known that the Weibull function can be expressed as a 
linear equation by doing the following transformation 
Y = a•X + b 
where Y = ln (ln ( sdp (t)) 
X = ln ( t I T ) 
(3. 45) 
b - a ln s 
Equation (3.45) indicates that if any three of the parameters 
edp ( t) , a, T, and s are knm-m, then the remaining one can be obtained. 
In practice, the value of the characteristic time constant, T, is prede-
termined. Furthermore, the characteristic process constant, a, and the 
time scaling constant, s, can be determined from the effort of the draw-
down test for a given filter. Accordingly, the filtration ratio, Beta 
Prime, can be determined \vi th respect to the operating time, t. It •vould 
be more convenient if a reference Beta Prime is selected at a specific 
time. Then, the Beta Prime may contribute two major advantages in filter 
assessment: the higher the Beta Prime value the better the filter separ-
ation performance (how good), and the higher the characteristic process 
constant value the faster the system reaches its stable concentration 
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level (how fast). Therefore, filter performance can be specified uniquely, 
Figure 11. 
The Tribo-filtration Model 
From the previous analysis, it is realized that both the filtration 
characteristics and wear behavior are expressed in terms of particle size 
and particle concentration. Intuitively, the wear rate can be directly 
correlated lvith the filtration ratio. However, this is not the case. It 
should be noted that the inversely cumulative particle concentration is. 
used in the Beta Prime system while the individual particle concentration 
is applied to derive the 1vear model. Statistically, these t1vo parameters 
can be correlated to each other by using the discrete distribution concept, 
such that the number of particle size, dp, might be defined as the differ-
ence bet~Veen t1vo consequential inversely cumulative values, namely, 
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V1 
where 
n =N. -N dp c,ap c, dp+l 
the number of particle of size d p 
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(3. 46) 
N 
c,dp the inversely cumulative concentration of particle size 
greater than d p 
Therefore, from Equation (3.33), the total accumulative wear rate, W(t), 
which concerns all the particle sizes at time t is 
where 
t 
W(t) = t~O 
00 
E dp=O 
2 f(dp) = k ·d d p 
(N d (t) - N d +l(t))·f(dp) c, p c, p 
Applying the Beta Prime definition, it gives 
t 00 
W(t) L: E 
t=O dp=O 
N ( O,dp 
Sd_p(t) 
N ~,dp+l )· f(dp) 
8 dp+l (t) 
where No d = the initial value of N c,dp ' p 
s~ = the Beta Prime filtration ratio of size dp d p 
In most applications, the value of Beta Prime for a 
(3.47) 
(3. 48) 
given filter is 
specified at a reference point, for example, the Beta Prime value of par-
ticle size of 10 micrometers. Therefore, in any attempts to use Equation 
(3.48) difficulties arise from using Beta Prime value for other than the 
reference value. It is desirable to express Equation (3.48) in terms of 
the reference Beta Prime. 
In thP discussion of filter capture mechanism, it indicates that the 
only opportunity for the particle to pass through the filter is when the 
particle size is less than the filter pore size, Figure 12. Hence, the 
probability that the particle of a size greater than d being captured is p 
Edp = (dp/OO f (x). ff(y) dy dx I ra:f (x) -,dx 
} 0 x P }x p (3.49) 
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where f (x) = density function of particle size distribution p 
ff(x) = density function of filter pore size distribution 
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Supose that fp(x) and ff(x) are two independent density functions; 
namely, the change of particle size distribution does not affect the fil-
ter pore size distribution such that Equation (3.49) is simplified as 
=f:aop Edp (3.50) 
Equation (3.50) states that the overall filter separation efficiency of 
particle size d is the cumulative probability of filter pore size dis-p 
tribution up to d • Even more significant is that generally the pore p 
size distribution of industrial filters (except for the wire-cloth type 
media) obeys the Log-normal model (37, 38, 40, 41). Furthermore, a Log-
normal distribution can be correlated to the Weibull distribution with a 
slope of two or slightly less (52). As this is an initial investigation 
into this field, it could seem reasonable to assume that the slope is two 
, then by giving the reference Beta Prime value, the scaling constant is 
obtained. This provides a feasible approach to correlate any Beta Prime 
to the reference Beta Prime value for a given filter. Equation (3.50) is 
rewritten as 
2 
1 - -(d /s ) = e p p 
I 
where s is the particle size scaling constant. p 
(3.51) 
By applying the Beta Prime definition and doing mathematical mani-
pulations, any Beta Prime value is represented in terms of the reference 
Beta Prime value, Sdr' as 
(3.52) 
49 
In practice, the distribution of the test dust is known; thus the 
initial particle concentration of different sizes can be determined by 
using the reference value. For example, the ACFTD particle size distri-
bution standardized by the ISO shows 
Thus, 
N O,dx 
2 
10 (3.246 - 1.086 (log(dx)) ) 
2 2 N = N 101.086((log(dr)) - (log(dp)) ) 
O,dp O,dr 
(3.53) 
(3.54) 
Therefore, Equation (3.48) represents the tribe-filtration perfor-
mance with respect to the wear rate and the reference filtration 
parameters only. It can be seen that the higher the Beta Prime value, 
namely, the better the filter, the lower the wear rate.of the elements. 
CHAPTER IV 
EXPERIMENTAL EVALUATION OF 
TRIBOLOGICAL l-JEAR MODEL 
General Considerations 
In order to evaluate the tribological wear model, Equation (3.34), 
developed in Chapter III, a large number of experimental tests were per-
formed and are reported in this chapter. From Broeder (33) and Ronen (34), 
it is realized that a very high intensity of wear occurs at locations of 
minimum oil film thickness. Therefore, as an initial step into this area 
of investigation, Equation (3.34) can be expressed as 
= Kd · h 2 min · N(h min) (4 .1) 
where W = total wear rate 
Kd = proportional coefficient of particle property 
h min = minimum oil film thickness 
N(h min) = particle concentration with size h min. 
Furthermore, if the test is conducted under a constant oil film thickness 
condition, then 
where = 
N(h min) 
h2 . 
m1n 
14 • 2) 
In other tvords, the \vear severity of a rotating element is proportional 
to the concentration of entrained abrasive particles, subject to a given 
fluid film thickness. Hydrodynamic lubrication condition must be estab-
lished before conducting any abrasive wear tests. Thus, the purpose of 
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tests carried out in this chapter was to expose journal bearings to 
conditions which would provide data pertaining to the journal bearings' 
sensitivity to particulate contaminant entrained in the lubricating fluid. 
A number of test methods have been developed and several adopted for 
evaluating the lubricating and wear property of lubricants, for instance, 
the Falex wear test, Four Ball tests, etc. Hmvever, almost no s·tandard-
ized procedures are available regarding the test of contaminant induced 
wear in a lubricating system. Probably one of the most commonly used 
methods for detecting and estimating harmful substances that may be found 
in lubricants is the Plastic Plate Abrasion test, standardized as ASTM D -
1404. Nevertheless, this test restricts its use to lubricating greases 
only, it is not applicable to other kinds of lubricants. 
Due to the lack of effective methods for assessing the contaminate 
induced '"ear in a lubricating system, and an increasing demand for such 
technique being voiced by industry, a bench test entitled the Gamma Falex 
System was proposed by the FPRC in 1980. The Gamma Falex System is modi-
fied from the Falex System (ASTM D 2670-67). Major improvements on the 
tester include providing a fluid circulation system, a temperature control-
ler, and a contamination control system, Figure 13. 
The fluid circulation system is used to remove wear debris from the 
wearing surface. System bulk temperature is controlled by the temperature 
controller, thus ensuring a constant fluid viscosity during the test. The 
contamination control system consists of a filter circuit to provide the 
desired contamination environment that enables the investigation of the 
contaminant induced wear to be possible. By doing so, the Gamma Falex 
System therefore operates under well controlled conditions. As a result 
of these modifications, the accuracy of the test increased. 
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The basic operating principle of the Gamma Falex System is the same 
as that of the Falex system. It includes a steel journal and bearing 
loaded by a spring-gage micrometer. The journal is driven by a fixed 
speed motor at 290 rpm. The bearings are stationary and forced against 
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the journal. The loading mechanism functions as a nut cracker. The spring 
force is loaded at the open end of the jaw to produce a high load pressure 
at the pivot point, where the bearings are located, near the end of the 
jaw. Normally, the bearings are v-shape blocks. Figure 14 illustrates 
the journal - bearing assembly of the Gamma Falex System. 
The primary function of the Gamma Fa lex Sys tern ~.;ras to detect the 
protection characteristic of a lubricant. As in the Falex System, the 
Gamma Falex System operates under boundary lubrication conditions. It is 
well knmm that adhesive wear is predominant under boundary lubrication, 
due to direct surface to surface contact. ~\fear takes place whenever there 
is a relative motion between bearing surfaces. Accordingly, it reduced the 
diameter of the journal. This changes the loading condition. Consequent-
ly, the system requires a r..;ray to detect the load change and to correlate 
it into a wear parameter. The device employed in the Gamma Falex System 
to accomplish this task is a ratchet mechanism which provides the required 
load to the bearing. The \vear is measured by the number of teeth advanced 
to maintain the j a-.;.;r load during the prescribed time. 
During the past two years, a great number of tests have been carried 
out at the FPRC to qualify the performance of the Gamma Falex tests. The 
repeatability of the tester has been recognized after conducting a total 
number of 47 tests with four different fluids. The result shmvs that 86 
percent of the tests fall within the normal distribution with a standard 
deviation of 0.043 (27). 
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Due to the high test repeatability obtained, Inoue (27) attempted to 
advance the Gamma Falex System from doing fluid lubricity tests to contam-
inated tvear tests. Realizing the importance of the rotating speed might 
significantly affect the lubrication condition of the bearings~ Inoue 
replaced the conventional fixed speed motor on the Gamma Falex System by 
a variable speed hydraulic motor. As a result, the rotating speed of the 
journal can be controlled. Normally, any rotating speed under 2500 rpm 
can be achieved. This improvement broadens the application of the Gamma 
Falex System in tribological wear research. 
Figure 15 presents a typical result of the Gamma Falex test obtained 
by varying the rotating speed of the journal. The bearing was loaded at 
100 lbs •. The wear behavior was monitored in a specific time interval at 
the journal rotating speed of 580, 1160, and 2320 rpm, respectively. The 
results revealed that a wear rate of 0.5, 0.35, and 0.77 were obtained at 
580, 1160, and 2320 rpm respectively (27). The wear rate is designated 
by the wear reading, namely the teeth advanced, divided by the test time 
at the prescribed rotating speed. It was found that the wear rate at 
1160 rpm was less than that at 580 rpm. He claimed the decrease of the 
\vear rate tv as due to the increase of the film thickness at high speed. 
Hmvever, this was not the case. A higher wear rate at 580 rpm than that 
of the tvear rate at 1160 rpm was due not exactly to the effect of an 
increasing film thickness at 1160 rpm. This may have been due to experi-
mental error. This is evident by examing the Sommerfeld number for the 
stated operating conditions. Assume the lubrication condition of the 
v-shape journal bearing assembly has the same configuration as the 120 
degree bearing. This is a gross overestimation as the bearing in actual 
function operates under line contact. Also, assume the radial clearance 
a 
z 
0 
<( 
30 
~ 20 
a: 
<( 
w 
·~ 
10 
TEST TIME (rnin.) 
Figure 15. A Typical Result of Gamma Falex Test (27). 
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is 0.001 inches. Then, the calculated Sommerfeld number under a 100 lbs 
load at 1160 rpm is 0.0012. At this value of Sommerfeld number the 
journal is by all practical means operating fully eccentric. In other 
words, the bearing operated under full. surface contact conditions when 
loaded with a 100 lbs load and rotated at a speed of 1160 rpm. 
It is of interest in investigating the lubrication mode at different 
rotating speeds. Theoretically, no wear occurs at 0 rpm. By examining 
the wear rate - rotating speed data set obtained at 0, 290, 580, 1160, 
and 2320 rpm, it is found that a linear relationship exists among these 
data set. Excluding the data obtained at 580 rpm, four data points at O, 
290, 1160, and 2320 rpm were employed and correlated with each other by 
means of linear square curve fitting technique. The wear rate - rotating 
speed characteristic curve obeys the following equation. 
W = 0.0003·U + 0.0035 
where W = wear rate, ratchets advanced per minute 
U = rotating speed, rpm 
(4.3) 
The coefficient of correlation is as high as 0.9977. This strongly 
reveals that the linear relationship exists between wear rates and the 
journal rotating speeds under the operating condition; that the bearing 
is laoded at 100 lbs and the journal rotates at a speed less than 2320 
rpm and the working fluid is MIL-L-2104. This linear property is plotted 
along with the test data and is shown in Figure 16. 
It is a commonly accepted principle that the adhesive wear rate, W, 
is proportional to the sliding distance, L (16). · 
lv a: 1 (4.4) 
Mathematically, the sliding distance of a rotating journal bearing is 
expressed as 
L = 2 iTRUt 
L = sliding distance 
R = radius of the journal 
U = rotating speed 
(4.5) 
Comparing Equations (4.3), (4.4), and (4.5), it is found that Equation 
(4.3) indicates the wear behavior under previously stated conditions is 
a typical adhesive wear. In other words, the improvement made on changing 
rotating speed, did not allow the journal bearing to transcend from 
boundary lubrication into hydrodynamic lubrication. 
It is well known that the effect of abrasive particles is not 
significant as long as the bearing is operating in the boundary lubrica-
tion condition. This is because under the boundary lubrication condition, 
the clearance between bearing surfaces is too small to allow the abrasive 
particles to entrain into it. In contrast to this, the abrasive wear is 
predominant in the hydrodynamic condition. Thus, in order to achieve the 
hydrodynamic condition, the currently used Gamma Falex System requires 
further modifications. 
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The reason for the failure in achieving· the hydrodynamic lubrication, 
stems from the fact that the rotating speed is not the only parameter that 
affects bearing lubricating conditions. In Chapter II, it has already been 
mentioned that the lubrication characteristic of bearings is controlled by 
the bearing characteristic numbe·r which is a function of unit load, rotating 
speed, fluid viscosity, and surface roughness. This characteristic is well 
described by the Stribeck curve, Figure 1. It is seen that there are two 
operating parameters, the unit load and the rotating speed, which depend 
on the mechanical design of the operating syste~: 
The other parameter is the fluid viscosity which is the physical 
property of the test fluid. This can simply be controlled by the 
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temperature controller as stated previously. Further, the information of 
the component surface roughness is required. This parameter is determined 
by the manufacturing process and the material used. Accordingly, in order 
to achieve the hydrodynamic lubrication, parameters that may affect the 
value of the bearing characteristic number should be taken into account 
rather than just considering a single parameter only. Since fluid vis-
cosity and surface roughness can be specified by external devices other 
than the Gamma Falex System, no technical improvement on these two para-
meters \vere made in this study. Therefore, special attention was paid to 
the modification of the loading mechanism so that it could be compatible 
\vith the rotating speed, thus a satisfactory bearing lubrication condition 
can be predicted and maintained. 
The highest journal rotating speed that the currently used Gamma 
Falex System can achieve is 2400 rpm. This speed is fairly representative 
of most applications of a mechanical system because the rotating speed of 
most mechanical elements is under 4000 rpm except in some special applica-
tions. On the other hand, it would be impractical to modify the Gamma 
Falex System by increasing the rotating speed to a much higher value since 
it would require redesigning most of the physical structure. Consequently. 
there was a necessity to modify the loading mechanism. 
From the discussion in Chapter II and Chapter III, it is realized 
that a high rotation speed and light load pressure system, means the 
bearing will operate in the hydrodynamic mode of lubrication. This is 
shown in the Stribeck curve. In practice, there are two approaches used 
to reduce the loading pressure on the bearing. They are by increasing the 
bearing surface or by reducing the external load. Of course, it is also 
possible to do both of them simultaneously. 
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Figure 17 illustrates the loading mechanism of the Gamma Falex 
System. It is found that the bearing is loaded by a spring force and the 
magnitude of the force is detected by a micrometer dial gauge according to 
the displacement of the spring. Based on Hook's Law, for a linear spring, 
the spring force is proportional to its displacement. As a result, if 
t\vo springs have different stiffness but are compressed by the same amount 
of length, then the spring forces are different. This enables one to 
reduce the external load imposed on the bearing by replacing a heavier 
spring with a lighter spring. The load reduction factor is proportional 
to the ratio of the stiffness coefficient of springs. 
It is noted that the bearing used in the Gamma Falex System has a 
v-shape. From the standpoint of bearing design, a v-shape bearing has a 
very poor contact area because there are only four "lines" contacted 
bet~veen the journal and the bearing. Theoretically, a line contact results 
in an infinitive contact pressure between journal and bearing at the 
specific lines due to the contact area being infinitively small. Accord-
ingly, with a v-shape bearing hydrodynamic lubrication can only be achieved 
if the load is infinitely small. Furthermore, once the wear occurs, the 
bearing configuration changes. The schematic. illustration of these t\vo 
shortcomings in using the V-block in hydrodynamic design is shown in 
Figure 18. All these drawbacks made the study of hydrodynamic lubricant 
very cumbersome. As a result, a 120° journal bearing was selected as the 
test specimen. The reason is that it avoids a direct side to side contact 
and there is a great number of technical data available for such a bearing 
configuration. In addition, the ratio of bearing length to diameter, 
namely L/D, is equal to two. This selection was intended to keep the 
modified journal bearing with the same dimension as the conventional Gamma 
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Falex System. Thus, no physical structure of the system needs to be 
modified. 
The advantages of the new version of the Gamma Falex System, named 
the Gamma System, are delineated as follows: 
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1. It provides a light loading mechanism, such that the test load 
can be accurately controlled and allow hydrodynamic lubrication. 
2. It provides a formalized load acting area. 
3. It maintains the geometric configuration of the bearing during 
the test. 
4. It maintains the same mechanical dimension as the previous Falex 
System that reduces the effort in modifying the system. 
5. The 120° bearing configuration avoids. a direct side to side 
contact as a 180° bearing. This implies that the function, 
valid for the Falex System, is still valid for the Gamma System. 
6. There is a considerable amount of technical data available for 
a 120° bearing, thus the operating conditions can be theoretically 
determined without the need for numerical solution of the relevant 
Reynolds equation. 
7. It provides hydrodynamic lubrication under proper operating 
conditions, thus, the ~.rear severity of a journal bearing caused 
by abrasive particles in the lubricant can be explicity revealed. 
Intuitively, after making the change of the loading system and the 
bearing configuration, the Gamma System is now more than adequate for the 
detection of abrasive wear in hydrodynamic lubricating. However, care.must 
be taken before using the Gamma System in monitoring abrasive wear behavior. 
It is noted that the wear mechanism changes from adhesion to abrasion when 
the lubrication mode changes from boundary to hydrodynamic, if the 
lubricant is contaminated by the entrained particulates. Tribologically, 
adhesive wear is caused by a surface to surface contact. Accordingly, 
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wear takes place over the entire bearing surface. Therefore, a "surface" 
clearance is formed between the bearing surfaces. Thus, the Falex machine 
detects this difference and converts it into wear parameter, namely, the 
ratchets advanced to compensate the surface clearance. In contrast to 
this, abrasion causes a "local" cutting ~.;ear rather than a surface wear. 
Although the cutting process occurs, the dimension of surface profile 
remains as before. The conventional Falex wear monitor is insensitive to 
such local wear. This phenomena is illustrated in Figure 19. Therefore, a 
new technique used to detect abrasive wear is required. 
There are many ways to designate wear rate, for instance, by weight 
loss, volume loss, area changed, amount of wear debris, etc. Also, a 
large number of wear monitoring techniques are available. However, the most 
direct technique is by means of the weight loss. Namely, the wear index 
is designated by the weight difference of the tribological component before 
and after the test. This method was employed in this study. 
The Gamma System utilizes the same loading mechanism as the Gamma 
Falex System but with lighter load spring and different bearing config-
uration. However, the abrasive ~v-ear severity is detected by the weight 
loss from the component instead of the reading of the rachet advanced. 
Development of Experimental Facility 
The Gamma System consists of a loading system, a lubricant circula-
tion system, a contaminant circulation system, a temperature control 
system, and a journal bearing assembly with the lubrication reservoir. 
Figure 20 shows a schematic diagram of the Gamma System. In addition, it 
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also requires a balance with a resolution of 10 micrograms or better to 
monitor the weight loss of test specimen. 
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The loading system imposes the desired load condition on the bearing. 
The system is composed of a set of loading arms, a spring-gage micrometer 
to control the loading condition and a ratchet to constrain the distance 
between the loading arms. 
The lubrication system serves to circulate lubricant and wash off 
the wear debris generated on the wearing surface. In addition, it consists 
of a gear pump and a filter. Thus, it also can be used to clean-up the 
system. 
The contaminant circulation system includes a peristaltic pump to 
circulate the injected contaminant during the contamination tests. 
The temperature control system maintains the operating bulk tempera-
ture at the specific condition by means of a heater and an air cooler. 
This system ensures fluid viscosity constant during the test. 
The journal bearing assembly has a journal which is driven by an 
external variable speed hydraulic motor. The rotating speed varies within 
the range of 0 to 2400 rpm. In addition, it has two bearings which are 
stationary and loaded by the jaws. 
The material of the journal is AISI 3135 steel, Roch;ell hardness 
numbers 87 to 91 on the B-Scale. The bearing is brass, Rockwell hardness 
number 70 on the B-Scale. The choice of a steel-brass combination for 
journal bearing assembly is primarily that it is a common pairing of mater-
ials in industrial applications. The material properties and geometrical 
dimension of the journal and bearing are tabulated in Table I. Figure 21 
illustrates the geometrical configuration and dimension of the bearing. 
Generally, the operating conditions listed in Table II are followed 
Description 
Material 
Hardness 
Radius 
Surface Roughness 
TABLE I 
THE JOURNAL BEARING ASSEl1BLY 
SPECIFICATION 
Journal 
AISI 3135 steel 
87 - 91 HRB 
0.1245 ins. 
5 -..10 ).lins. 
(0.13- 0.25 ).lffi) 
Bearing 
Free Cutting Brass 
70 HRB 
0.1255 ins. 
50 - 100 uins 
(1.3 ,_ 2.5 ).lm) 
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Parameter 
Rotation Speed 
Operating 
Temperature 
Load 
Break-in Speed 
Break-in Period 
Test Time 
Contaminant 
TABLE II 
.THE OPERATION PARANETERS 
OF THE GNlJ:lA rlACHINE 
Specification 
+ 2,400 - 10 
40 2:' 2 
Unit 
.RPH 
O.S·(viscosity/2xl0-6reyns) LBS 
500 
5 
30 
ACFTD 
RPH 
Minutes 
Hinutes 
Full 
Distribution 
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throughout the entire test except when otherwise specified. From the 
data shown in Tables I and II, the required loading condition can be 
determined. Before doing the actual parameter calculation, two auxiliary 
figures are required: Figures 22 and 23 (7, 14). Figure 22 gives the 
required film thickness to achieve hydrodynamic lubrication. Figure 23 
is used to determine the required load to ensure and maintain hydrodynamic 
lubrication. Figure 23 is obtained from the work of Raimondi and Boyn 
(14) who numerically solved the Reynolds equation for the finite journal 
bearings of a variety of bearing angles and L/D ratio. This figure 
graphically represents the relationship between the minimum film thick-
ness to the bearing characteristic number and journal eccentricity ratio. 
From Figure 22, it was found that a film thickness ratio greater than 
five is required to achieve the hydrodynamic lubrication. This has been 
discussed in Chapter II. The average surface roughness of the journal 
is 0.5 micrometers, and 0.71 micrometers for the bearing after break-in. 
Thus, the total average surface roughness is 1.21 micrometers. This im-
plies that the hydrodynamic lubrication occurs as long as the minimum 
fluid film is thicker than 6.05 micrometers. 
Suppose that a fluid film thickness of 15 micrometers is of interest, 
and the working fluid is MIL-H-5606 with a viscosity of 14.3 centistokes 
at 40 degrees centigrade then, the required load is calculated as follows. 
Equation (3.10) correlates the minimum fluid film thickness, h min, 
with the radial clearance, c, and eccentricity ratio, e:. This equation 
can be rewritten as 
s = 1 - ( h min I c ) (4.6) 
From Table I it is known that the radial clearance is 25.4 
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micrometers. Thus the eccentricity ratio is 0.41. This implies a bearing 
characteristic number of .26 in Figure 23. 
Rearrange Equation (3.7), and express the load in terms of the bearing 
characteristic number as 
i-Jf = (~)2 nNA (4. 7) c -s-
where ~.;r f = Load 
R = Journal radius 
c = radial clearance 
n = viscosity 
N = rotation speed 
A = projected bearing area 
S = Sommerfeld number. 
From Equation (4.7), the required load is obtained. In this case, it has 
a value of 0.527 lbs .. This indicates that the Gamma Falex System was 
totally overloaded at 100 lbs. Thus, it is not surprising that a satisfac-
tory hydrodynamic lubrication condition could not be achieved in the pre-
vious work. 
For convenience of setting the test gauge, a 0.5 lb force is set to 
load the bearing if the ,.,orking fluid is MIL-H-5606. By a reversed cal-
culation as shown above, the minimum film thickness under such conditions 
is 13.2 micrometers. 
There are four springs of different stiffness constants available 
for the Gamma System. The specification and its related load range are 
shown in Table III. It is seen that spring D meets the requirement to 
provide a light spring load to achieve hydrodynamic lubrication. 
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TABLE III 
THE STIFFNESS OF LOAD SPRINGS 
Spring Spring Constant(LBS/IN) Load Range(LBS) 
A 500 so - 800 
B 60 6 - 96 
c 15 1.5 - 24 
D 2.5 0.25 - 4.0 
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Qualifying Experimental Facility 
A number of tests were carried out to qualify the performance of the 
developed Gamma System. For the foregoing discussion, it is realized 
that the entire purpose of this chapter is to develop a facility which may 
establish hydrodynamic lubrication and allow the investigation of the 
abrasive wear in the journal bearing. As a result, the qualifying test of 
the Gamma System is divided into three major parts: (1) to ensure the 
formation of a hydrodynamic lubrication condition, (2) to ensure the system 
is able to monitor abrasive wear and (3) ensure repeatability. 
To accurately investigate the abrasive wear of the journal bearing, 
a break-in test prior to doing any abrasive wear test is a necessity. 
This is due to the fact that any new components exhibit a high wear rate 
during initial running, namely, the break-in period. It is caused by a 
surface to surface contact. After the break-in period, the bearing sur-
face has been smoothed. And then a low wear rate period occurs until the 
tertiary failure period, Figure 24. For practical reasons, it is recom-
mended to perform the wear test after conducting the break-in test. 
Therefore, it is necessary to determine the break-in period and the 
operating condition to conduct the break-in test. 
Three sets of journal bearings were tested for this purpose. The 
surface rou~hness of the bearings were measured at the beginning, and the 
test was then conducted under a low speed condition, usually at 500 rpm. 
The surface roughness of the bearings was examined every two minutes for. 
six minutes. The break-in period is set at the time that the surface 
roughness value remains reasonably constant. In other words, it reaches 
the steady state value. Test results of the break-in test are tabulated 
in Table IV and illustrated graphically in Figure 25. It is seen that 
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TABLE IV 
BEAR1NG BREAK-IN TEST RESULT 
Test Time (min) 
Bearing ID NO 0 2 4 6 
Al 1. 20i' 0.37 0.78 0.66 
Bl 1.12 o:.84 0. 71 0.58 
A2 2.19 1.04 0.63 0.69 
B2 1.26 0.45 0.56 0.75 
A3 1.02 0.93 0. 77 0.66 
B3 1.35 1.14 0.83 0.92 
Average 1.35 0.8 0.71 o. 71 
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the surface roughness reaches a stable state after four minutes. There-
fore, the choice of the break-in period of five minutes is sufficient. 
The reason for running the break-in test at 500 rpm is mainly that 
under such rotating speed, the bearing operates in the mixed mode or in 
the boundary lubrication mode. Therefore, the asperities on the surfaces 
can be smoothed. 
No wear can be observed in hydrodynamic lubrication condition pro-
viding that the lubricant is contaminant free since the bearing susrfaces 
are separated by a fluid film. Based on this concept, the lubrication 
mode can be distinguished. Six tests were performed to ensure the forma-
tion of hydrodynamic lubrication under the prescribed load condition. 
From the calculation made in the previous section, it was found that 
a 0.5 lbs test load introduced a film thickness of 13.2 micrometers. 
Furthermore, a smaller test load results in a thicker fluid film. Thus, 
no wear occurs if the test load is less than 0.5 lbs. On the other hand, 
if the test load is larger than 0.5 lbs, it results in a thinner fluid 
film and brings the lubrication mode from hydrodynamic into the mixed or 
the boundary depending upon the film thickness ratio. From Figure 23, it 
is calculated that a 4.0 lbs test load forces the system into mixed mode. 
As a result, wear takes place. Therefore, test laods of 0.35 lbs, 0.5 
lbs, and 4.0 lbs were imposed on the bearing respectively. And then wear 
behavior was monitored on the Gamma system by means of the teeth advanced 
on the ratchet wheel. It was expected that wear occurred at 4 lbs test 
load condition. 
Each test was performed for twenty minutes and the difference of 
ratchet readings was recorded in a two minutes interval. Test results were 
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tabulated in Table V, and were illustrated graphically in Figure 26. 
The test data revealed that there 1vas a positive ganuna slope, 
namely wear took place, at 4 lbs load. On the other hand, excluding the 
fe~v initial points, it revealed a negligibly small amount of 1vear at both 
cases of 0.35 and 0.50 lbs load. It experimentally verified that the 
Gamma System is able to operate under different lubrication conditions. 
Moreover, the achievement of establishing the hydrodynamic lubrication has 
never been done by either the Falex tester or the Ganuna Falex tester. 
In order to assure the above findings, identical tests of different 
bearings were performed again. The test loads were 0.35, 0.50 and 4.0 
lbs. However, at this time, the wear was detected by means of measuring 
the weight loss of the journal after a twenty minute test. The results 
1vere shown in Table V. As can be seen, no weight loss was observed at 0.35 
lbs and 0.5 lbs condition. However, an amount of 120 micrograms weight 
loss appeared at 4 lbs condition. This again proves the validity of using 
the Ganuna tester to investigate the hydrodynamic lubrication behavior. 
Furthermore, abrasive particles were introduced into the Ganuna System. 
The ACFTD was used as the abrasive particles. Eleven identical tests were 
conducted with mineral base fluid MIL-H-5606 at 2400 rpm and 0.5 lbs test 
load. The concentration of the injected ACFTD was 100 mg/L. This level 
is explained later. The purpose of these tests was to evaluate the repeat-
ability of the Gamma System with respect to the abrasive wear. The weight 
loss of the journal was used to represent the amount of wear caused by the 
abrasive particles in the lubricating system. Test results were listed 
in Table VI, and plotted in Figure 27. It is observed that the mean 
value of the wear is 297.3 micrograms with a standard deviation of 13.5 
micrograms. 
Time(Hin) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
Height Loss 
* Number of 
TABLE V 
TEST RESULT OF BEARING \~EAR BEHAVIOR 
UNDER DIFFERENT LOADS 
Load(LBS) 
0.35 0.5 
0 0 
1:'< 0 
2 1 
2 1 
2 1 
3 1 
2.5 1.5 
3 2 
3 2 
3 1.5 
3 2 
0 0 
gear teeth advanced 
*•lc \~eight loss of journal after 20 min test, wunit 
micrograms. 
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TABLE VI 
GAMMA MACHINE REPETITION TEST RESULTS 
TEST ID NO. Journal Height (grams) After Break-in After Test Height Loss (pg) 
HRP-01 7.42741 7.42713 280 
HRP-02 7.43213 7.43184 290 
HRP-03 7.40475 7.40445 300 
HRP-04 7.43213 7.43184 290 
~VRP-05 7.40475 7.40445 300 
hrru'-06 7.42741 7.42713 280 
HRP-07 7.44469 7.44439 300 
\,rRP-08 7.42529 7.42500 290 
\~RP-09 7.71960 7. 71928 320 
\-TRP-10 7.36721 7.36689 320 
HRP-11 7. 42611 7.40743 300 
Sampling Mean = 297. 3 pg 
Standard Deviation = 13.5 pg 
. ll9 
:J 400~ IJ = 297.3 ll9 
a= 13.5 ug <( 
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Tribological Hear Tests and Analysis 
In Chapter III, it is noted that the tribological wear in a hydro-
dynamic lubricating system behaves as a three-body cutting mechanism. 
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This section was intended to verify the wear model, Equation (4.2), exper-
imentally. Furthermore, the three-body cutting process was investigated 
qualitatively. 
The wear model states that the tribological wear rate of a rotating 
journal bearing is proportional to the entrained particle concentration 
if the fluid film thickness is constant for all the cases. Thus, tests 
were conducted under identical hydrodynamic lubricated conditions but at 
different contamination levels. 
Primarily, eight tests were carried out with the mineral base fluid 
MIL-H-5606 at 2400 rpm and 0.5 lbs test load. The concentration of ACFTD 
injected were 40, 100, 200, and 300 mg/L for each test. And the identical 
tests were repeated. Eight sets of journal bearings were used and the 
weight loss of each journal was recorded and shown in Table VII. 
The test data \vere plotted in Figure 28. It was found that the wear 
rate increased when the contaminant concentration increased up to a contami-
nation level of 200 mg/L; from here it decreased. In order to ensure that 
data obtained at 300 mg/L concentration level were not due to the experi-
mental error, two tests of 150 mg/L and 250 mg/L concentration level were 
performed individually. The results of these two tests (in Table VII) 
showed that the wear rate of 150 mg/L had the same tendency as those from 
0 mg/L up to 200 mg/L. However, the wear of 250 mg/L followed the ten-
dency from 200 mg/L to 300 mg/L. This phenomenon is not surprising. 
Figure 29 illustrates the mechanism that causes the decrease of wear 
rate at a high particle concentration level. As discussed in Chapter III, 
Test ID No. 
WCN-01 
WCN-02 
WCN-03 
i\TCN-04 
1-!CN-05 
i.JCN-06 
WCN-07 
WCN-08 
i·lCN-09 
\>JCN-10 
TABLE VII 
TEST RESULT OF ~~EAR SENSITIVITY TO 
PARTICLE GONCENTRATION i.JITH 
HIL-H-5606 OIL 
·Particle Journal 
Concentration (mg/L) lv'eight Loss 
40 llO 
100 280 
200 610 
300 300 
40 llO 
100 290 
200 490 
300 430 
150 410 
250 470 
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Figure. 29. Wear Process Under Different Concentration 
Levels 
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the mechanism of a three-body wear is the abrasive particle embedded into 
the softer bearing surfaces and behaves like a cutter to abrade the hard 
surface. However, it requires a sufficient amount of load to press the 
particle. Thus it forces the particle to indent into the softer surface. 
Intuititively, the more particles between the bearing surface, the less 
the amount of load each individual particle can share if the total amount 
of the load is constant. Therefore, if the particle load on each individ-
ual particle is insufficient to cause indentation into the surface, no 
damage can occur. This is the limiting case and by virtue of a gradual 
reduction in indentation, wear reduces. 
Figure 30 shows the data obtained that the point of saturation contami-
nant concentration level is less than or equal to 200 mg/L. The values used 
are taken from the average value of t"t,ro test data for each concentration 
level. In order to compa.re these data with the developed wear model, the 
linear least square method is used to correlate these data points into a 
straight line. The equation is 
w = 2.746 • N + 2.876 (4. 8) 
Hhen w = wear rate, .)lg 
N = contamination level, mg/L 
The coefficient of correlation is as high as 0.9995. This obviously 
indicates the validity of the developed ~;,rear model. The absolute Gamma 
slope of the mineral base oil MIL-H-5606 is 2.746. 
The second test to verify the wear model was conducted with mineral 
base fluid MIL-L-2104. The purpose of using other test fluid is to ensure 
the Gamma System is valid for a change in fluid properties. The MIL-L-2104 
oil has a different viscosity and antiwear property from the MIL-H-5606. 
The viscosity of the MIL-L-2104 oil is 40 centistokes at 40 degrees 
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centigrade. This is about 2.8 times the viscosity of the MIL-H-5606. 
In other words, if the operating conditions are identical, the~ a thicker 
film will be formed by using MIL-L-2104 oils. 
As mentioned, the developed wear model can be applied to evaluate 
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the abrasive wear severity reflected from fluid properties or entrained 
particle characteristic providing the fluid film thickness remains con-
tant. Thus, in order to maintain a constant film thickness with MIL-L-
2104 as that of using MIL-H-5606, the test load needs to increase 2.8 times 
to compensate the viscosity effect. This compensation factor is obvious 
from the definition of Sommerfeld number. As a result, the bearing 
characteristic number remains the same in both cases. From Equation (3.7), 
it is known that a test load of 1.4 lbs is required for using MIL-L-2104 
to compensate the viscosity effect. Tribologically, under such an opera-
ting condition, the Gamma System still behaves as a hydrodynamic lubrica-
tion. Again, no wear can be observed. A test was conducted for this 
purpose, and the result was satisfactory. With the clean fluid no weight 
loss was found. Test data is sho~vn in Table VIII. 
Physically, if the bearing characteristic number is identical, then 
the wear behavior is independent of the fluid property. However, this is 
not the case, wear is also chemically affected by the individual anti-
wear additive property. For example, the MIL-L-2104 oils have a better 
anti-wear characteristic than MIL-H-5606. Therefore, a lower wear rate· 
is anticipated by using MIL-L-2104 oil subjected to the bearing character-
istic number, is identical. 
Four tests were carried out with MIL-L-2104 oils, at 2400 rpm and a 
test load of 1.4 lbs. The injected particle concentrations were 40, 100, 
200, and 300 mg/1, respectively. Test results were tabulated in Table VIII 
Test ID No. 
HCN-11 
WCN-12 
\.JCN-13 
HCN-14 
~.JCN-15 
TABLE VIII 
TEST RESULT OF HEAR SENSITIVITY TO 
PARTICLE CONCENTRATION WITH 
MIL-L-2104 OIL 
Particle Journal 
Concentration (mg/L) lveight Loss 
0 0 
40 70 
100 140 
200 300 
300 270 
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and plotted in Figure 31. The performance curve shows the same character-
istic as observed lvith MIL-H-5606. The wear rate increases with particle 
concentration levels up to 200 mg/L and then decreases at 300 mg/L. The 
1vear rate observed is lo~ver than that \vith HIL-H-5606. In other words, 
MIL-L-2104 oil is more wear protective. This was as expected. The per-
formance equation obtained is 
w 1.474 N + 2.247 ( 4. 9) 
where '" = wear rate (}J.g ) 
N = particle concentration (mg/L) 
The coefficient of correlation is 0.9981, which again confirms the validity 
of the use of the Gamma tester. The absolute Gamma slope of HIL-L-2104 
is 1.474. This is lower than that of MIL-H-5606. The degree of wear 
protection of fluids is therefore obviously revealed. 
From the foregoing activities the wear model has been quantitatively 
approved. The following paragraphs describe the three-body wear mechanism 
qualitatively. 
From the discussion made in Chapter III it is kno1vn that the ACFTD 
is embedded in the bearing and then cuts the journal under abrasive wear 
conditions. To insure this mechanism actually occurs, the test specimens 
were examined under a microscope before and after the test. Figure 32 
shows the bearing surfaces after the test. The pictures were taken with 
a 100 magnification. It is observed that there are a great number of tiny 
particles embedded in the bearing surface. They slid along the rotating 
direction of the journal and eventually embedded in the bearing surface. 
To signify this process, one of the embedded regions was investigated 
under a SEM microscope with a 3060 magnification, Figure 33. The three-
body cutting mechanism was revealed clearly. To insure the embedded 
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Figure 33. Indentation Phenomenon Observed 
by SEH, 3060X 
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particle is ACFTD, an x-ray spectrum analyzer was used to monitor the 
component of the region under study. Figure 34 illustrates the spectrum 
obtained. It is seen that copper (cu) and silicon (Si) are the predomi-
nant elements. The copper is the basis element of the bearing and the 
silicon is the ACFTD. 
From Figure 35, it is found that there were no embedded particles 
on the journal surface, hmoJever, several cutting \vas observed. All this 
strongly supports the three-body wear mechanism used to develop the wear 
model for the rotating elements. 
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Furthermore, the cutting mechanism can be recognized by observing 
the wear index obtained conventionally from the Gamma tester. As men-
tioned, the cutting grooves that appeared on the journal surface do not 
change the overall profile of the journal, thus, the conventional wear 
detecting method fails to monitor the wear. Four tests were conducted to 
evaluate this phenomena. The tests were performed under a hydrodynamic 
lubrication condition. Different particle concentration levels of 40, 
100, 200, and 300 rng/L were introduced to each test separately. Both 
the teeth advancement on the ratchet and the weight loss of the journal 
during the test were recorded. The test results are illustrated in Table 
IX and plotted in Figure 36. Obviously, the wear \vas not revealed by 
means of the ratchet change, (overall diameter change), but by the weight 
loss (abrasive cutting effect). Throughout the experimental verification 
of the Gamma System, the developed wear model has been well recognized. 
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TABLE IX 
WEAR READING OF ABRASIVE 1-JEAR TESTS USING 
GAMMA FALEX AND GM1MA METHODS 
Particle Concentration Level (rng/L) 
Time(min) 40 100 200 
0 0 0 0 
2 0 1.0* 1 
4 0 1.0 1 
6 0 1.0 2 
8 0 1.0 2 
10 0.5 1.0 2 
12 1.0 1.5 2.5 
14 1.5 1.5 3 
16 1.5 1.5 3 
18 1.5 1.5 3 
20 1.5 1.5 3 
Height Loss 9Jg) 110 280 610 
* Number of gear teeth advanced. 
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300 
0 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
300 
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0 40 mg/L 
6 100 mg/L 
~ 200 mg/L 
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Figure 36. Wear Readings Obtained by Gamma and Gamma Falex Methods 
CHAPTER V 
EXPERIMENTAL VERIFICATION OF 
FILTRATION MODEL 
General Considerations 
This chapter details the experimental verification of the Beta Prime 
filtration model developed in Chapter III. The filtration model is ex-
pressed in Equation (3.45), and rewritten as follows: 
Y = ax+ b (5 .1) 
\·Jhere y ln( ln ( sd~ (t)) p . 
x = ln(t/T) 
b = -a •lns 
Accordingly, the Beta Prime can be correlated in terms of system operating 
parameters T, a, and s, and with a linear relationship on the x-y plane. 
The Beta Prime graph, Figure 37, schematically, illustrated the functional 
relat~onship of Equation (5.1). Because the Beta Prime filtration model 
is based on the concept of the drmv-dmvn test, the filtration ratio at 
any operatirg point is derived from the ratio of the initial particle con-
centration to that at that operating point. Theoretically, the filtration 
ratios obtained for a given filter must be a straight line on the Beta 
Prime graph. 
In order to achieve the experimental verification of the filtration 
model, it required the test dust whose property and particle size distri-
bution are known and controllable. In addition, it needs a feasible 
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particle counting device that may monitor the variation of particle size 
distribution throughout the entire test. 
The ACFTD is selected as the test contaminant in the filtration 
test. This is because ACFTD has been approved both nationally and inter-
nationally (ISO 4402) as a standard for contamination control test. 
Specifically, it is mainly used in the multipass filtration test for 
evaluating filter performance. 
The particle size distribution is the most important property of 
test dust for the use of filtration test. This property has been compre-
hensively studied by Bensch (53, 54)~ According to his work, the parti-
cle size distribution of ACFTD can be illustrated as 
where 
2 N = 103.246 - 1.086(log D) 
N = the number of particles greater than D per 1.0 mg 
D = particle diameter in micrometer 
(5. 2) 
Normally, Equation (5.2) can be expressed as a straight line on the log-
log squared scale paper. Figure 38 shows the characteristic curve of the 
particle size distribution of ACFTD. The ordinate represents the number 
of particles per millimeter greater than indicated size. And the abscissa 
is the particle size in micrometers. 
Some researchers (45) reported that the value of the particle may 
deviate frok that calculated by Equation (5.2) in the small particle size. 
However, according to a recent program (55), sponsored by the American 
Society of Testing and Materials (ASTM), in investigating the characteris-
tic of the particle size distribution of ACFTD measured by different 
instruments, it is found that the difference is from the use of different 
instruments as well as operator error. Since the distribution expressed 
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by Equation (5.2) has been accepted as the ISO standard (ISO 4402), 
it is used as the standard particle size distribution for the ACFTD in 
this study. 
As noted the Beta Prime value derived from Equation (5.1) is a 
function of operating time. In practice, it would be more convenient if 
a reference Beta Prime is selected at a specific time. For example, the 
filtration ratio obtained at the time that the fluids have completed one 
circulating cycles. 
It is worthy to review the basic principle used in the Beta system 
before specifying the reference operating point to define the Beta Prime 
value. The reason for this is because the Beta system has been widely 
used in engineering practice; there will be a need in the future to con-
vert the Beta Prime value into the Beta value or vice versa. A proper 
determination of the reference operating system in the Beta Prime system 
may benefit this prospective necessity. 
Figure 39 schematically illustrated the Beta filtration test system. 
Basically, it consists of two distinct systems: a filter test system and 
a contaminant injection system. According to the principle of particle 
balance in a test system, the theoretical relationship that describes 
variation of particle concentration is expressed as: 
N (t)· V = NO· V +fo. (t) • Q. (t) dt - ~N (t)-Nd(t)) · Q(t) dt u ·. ~ ~ ~ ~ u (5.3) 
where N cumulative particle concnetration of size greater than d at 
u p 
upstream of filter 
Nd = cumulative particle concentration of size greater than d at p 
downstream of filter 
No ·cumulative particle concentration of particle size greater 
.-----INGRESSION (R} 
RESERVOIR 
(V) 
PUMP 
(Q) 
Nd 
Nu 
Figure 39. Schematic of Beta Filtration System 
FILTER 
(B) 
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0 
\0 
than size d originally in the system p 
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N. = cumulative particle concentration of size greater than d in 
~ p 
injection flow 
Qi = injection flow rate 
Q = filter flow rate 
V = circulating volume of fluid in the system 
The Beta filtration ratio is defined as 
(5.4) 
Assuming the Beta filtration ratio is constant throughout the entire 
process, then Equation (5.3) becomes 
N.(t)·Q.(t) 
S·N (t) = N + ~ ~ dt - (S·N (t) - N (t)) Q(t) dt 
d 0 v d d v (5. 5) 
Let the ingression rate be 
R.(t) = N.(t)·Q.(t) 
~ ~ ~ 
(5.6) 
Consequently, Equation (5.5) is 
R. (t) 
B·Nd(t) = N0 + ~ dt - (B·Nd(t) - N (t)) Q(t) dt 
v d v 
(5. 7) 
Furthermore, assume the ingression rate and flow are constant during the 
test, then the downstream particle concentration can be obtained by solving 
Equation (5.7). The result is 
(5. 8) 
Suppose that, originally, the system is clean, namely, N0 is equal 
to zero. Also set the characteristic time constant, T, as 
.s v 
l = -,;-----:--' (-) s - 1 Q (5.9) 
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Thus, 
Ri 1 I N (t) ( 1 - e-t T ) d = Q 6 - 1 (5.10) 
Figure 40 illustrates the functional relationship between the Beta 
and Beta Prime system. It is seen that if the initial particle concen-
tration level of Beta Prime system set to be equal to the steady state 
value of particle concentration at upstream of Beta system, then the 
Beta value can be straight forward correlated with the Beta Prime value 
obtained at the time the fluids have completed the first circulation. 
Mathematically, it is expresses as 
N 
u,s I = ~ d 6 
(5.11) 
where N steady state value of particle concentration at upstream 
u,s 
Nd' = downstream particle concentration at Qt/V = 1 subjected to 
no injection and initial value is N 
u,s 
N0 = initial particle concentration 
Nd(l) =downstream particle concentration at the first pass. 
From Equation (5.8), it is obvious that 
N' d 
1 
=--· 
-(6 - 1 ) 
N · e 6 
u,s 
(5.12) 
Apparently, if the Beta Prime is defined as the filtration ratio of 
initial particle concentration to the downstream particle concentration 
at the first pass, and the initial particle concentration is equale to the 
upstream steady state particle concentration in· the Beta system, then 
rearranging Equations (5.11) and (5.12) yields 
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8~ = 
( 8-1 ) 
8 • e S (5 .13) 
Equation (5.13) provides the conversion between S and S~ . From 
Equation (5.10), and the definition of Beta, the upstream particle 
concentration is 
Nu(t) Ri = Q 
B l - t/T 
- ( - e e -1 ) (5.14) 
Therefore, the steady state value of Nu(t) is 
Nu,s = 8 Ri s -1 Q (5.15) 
According to the Beta filtration test procedure (ISO 4572), the injection 
particle concentration, namely Ri/Q, is 10 mg/L. Thus, 
Nu,s = / _1 • (10 mg/L) (5.16) 
Furthermore, in accordance with the Beta value obtained from more 
than 700 filter tests performed at FPRC/OSU, it is found that the average 
Beta ten value for most commonly used filters is around two. In other 
words, the steady state value of particle gravimetric concentration at 
upstream is about 20 mg/L. 
Consequently, the initial contamination level ~et for the Beta Prime 
test is 20 mg/L and the Beta Prime value is defined as the filtration 
ratio of the initial system particle concentration to the downstream par-
ticle concentration of filter at the time that fluids have completed the 
first circulation. 
Development of Test Facility 
The Beta Prime filtration theory was developed based on the 
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"dra"t-l-down" test. The major predominant objective of the Beta Prime is 
to evaluate the performance of the low-flow, high beta type filter. Al-
though the theory is applicable to analyze general type filters also, the 
test facility developed here was focused on the mentioned objective. 
Normally, the average flow density of a hydraulic filter is about 
0.06 gallons per minute per square inch (GPM/in2). The low flow rate 
filters have a comparable small flow density to the average value shown 
above. In general, it is in the range of 0.002 to 0.02 GPM/in2. To meet 
this requirement, the flow passes through the flat sheet filter with area 
of 22 square .inches must be as low as 0. 44 GPM. 
The test system consists of a circulating system, a clean up system, 
a filter test system, a particle counting system and a temperature con-
trol system, Figure 41. The circulating system used to provide the 
required flow and power to the test system. The driver is a fixed dis-
placement pump and the flow supplied to the filter is controlled by a flow 
control valve. The flow rate can be controlled within 0.05 to 0.37 gal-
lons. This specification meets the low flow filter operating requirement. 
The clean-up system is valved in and out of the circulating system 
by means of a four way valve. It is used to provide the system with a 
"clean" background whenever required. It usually requires a high beta 
filter. 
The filter test system consists of a flat sheet filter and its housing. 
The flat sheet filter has a flow area of 22 square inches. Figure 42 
shows a schematical diagram of the flat sheet filter housing assembly. 
The particle counting system provides an in-line contamination analy-
sis. The particle counter is used to monitor the downstream particle 
concentration level during the test. It is directly connected to the 
PARTICLE 
COUNTER 
Figure 41. Schematic of Beta Prime Filtration System 
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circulating system to be analyzed. The use of the in-line particle 
counter minimizes the sampling error and thus improves the accuracy of 
measurement. This avoids the degradation of the performance credibility 
of high beta filters. 
The temperature control system maintains the operating temperature 
constant such that the flow through the filter and the particle counter 
can be accurately controlled thr·oughout the test. 
Qualifying Experimental Facility 
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Three major aspects were considered in qualifying the performance of 
the developed Beta Prime test stand. They were the system clean-up 
characteristic, the establishment of a stable initial concentration level, 
and the test repeatability. 
The system clean-up characteristic test was conducted by injecting 
the ACFTD with a concentration level of 10 mg/L into the Beta Prime system. 
Valve the cleanup filter into the circulating system after the ACFTD has 
mixed well and reaches a stable level. Record the concentration level of 
size 2, 5, 10, 20, 30, and 40 micrometers at the initial time and 2, 5, 
and 10 minutes. A clean background is established if there are less than 
10 particles per milliliter greater than 10 micrometers in the system. 
The clean-up test result is tabulated in Table X and illustrated in Figure 
43. As can be seen, the system reaches the cleanliness requirement at 
five minutes after the test began. 
In contrast to the clean-up procedure, the establishment of a 
stable initial concentration level was initiated with a clean background. 
An amount of 20 mg ACFTD was injected into a two liter reservoir; namely, 
the particle concentration level was 10 mg/L; particle concentration level 
Time (min) 
Size (}lm) 
5 
10 
20 
30 
40 
i'; Particle number 
0 
5809i~ 
1762 
352.2 
105.2 
24.0 
TABLE X 
CLEAN-UP TEST RESULT 
2 
2204 
650 
36 
4 
0.4 
of size greater than given 
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recorded at the initial, 5, 10, 15, 20, 25, and 30 minutes. The results 
were presented in Table XI and plotted in Figure 44. An identical test 
~vas carried out, and the results \vere shown in Table XII and Figure 45. 
From these test data, it is observed that the ACFTD mixed well and reached 
a stable concentration level 15 minutes after injection. The data also 
compared with the standard ACFTD distribution per ISO 4402. It revealed 
that the developed Beta Prime test stand is able to establish a stable 
initial concentration level for achieving the test. 
Eight identical tests were conducted with mineral base fluid MIL-H-
5606. The initial particle concentration level was established by intro-
ducing 40 mg ACFTD into a two liter reservoir. The filter flow rate was 
set at one liter per minute and the operating temperature was 4Q degrees 
centigrade. Each test was operated for 16 minutes and particle concentra-
tion level was monitored and recorded every two minutes. The data are 
shown in Table XIII. From Equation (3.45), it is noted that the filtration 
data from the Beta Prime system have a straight-line characteristic. 
Therefore, the least square method was used to correlate the data point 
of each data set. The calculated Beta Prime value, the characteristic 
process constant, the time scaling constant, and the coefficient of 
correlation were tabulated in Table XIII. It is found that the average 
coefficient of correlation is as high as 0.9842. This signifies the linear 
characteristic of the filtration data on the Beta Prime graph. In addition, 
the validity of the developed model and test stand were assured. 
Experimental Tests and Analysis 
~vo sets of tests were carried out with mineral base fluids MIL-H-
5606 and MIL-L-2104 to validate the Beta Prime filtration model. Three 
Time (min) 0 
Size (pm) 
5 2. 4 ~·c 
10 0.4 
20 0 
30 0 
40 0 
-;':: Particle number of 
TABLE XI 
PARTICLE CONCENTRATION BACKGROUND 
TEST RESULT SET A 
5 10 15 20 
3206 3919 5310 6270 
792.8 1030 1532 1861 
171.2 185.6 288.4 360.4 
62.0 44.4 78.4 90.8 
14.0 4.4 9.2 14.8 
25 
6554 
1448 
393.2 
98.8 
14.8 
size greater than the given size per milliliter 
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Figure 44. Concentration-Test Data Set A of Beta Prime System 
Time (min) 0 
Size (pm) 
5 7.2* 
10 2.0 
20 1.2 
30 0.4 
40 0.4 
* Particle number of 
TABLE XII 
PARTICLE CONCENTRATION BACKGROUND 
TEST RESULT SET B 
5 10 15 20 
5347 5924 6202 6323 
1568 1693 1800 1796 
303.2 322.4 304.0 278.8 
79.2 71.6 73.6 51.2 
25.2 16.8 13.2 6.8. 
25 
6167 
1684 
258 
48 
4.8 
size greater than the given size per milliliter 
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30 
6468 
1733 
253.6 
42.4 
4.0 
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Figure 45. Concentration Tes·t Data Set B of Beta Prime System 
TABLE XIII 
FILTER REPETITION TEST RESULTS 
Test ID Time (min) 
No. 0 2 4 6 8 10 12 14 
RT-1 3049* 738.4 426.4 232.4 156.0 118.4 99.6 76.4 
RT-2 2616 641.2 383.2 243.6 138.8 122.0 109.2 114.0 
RT-3 3036 728.4 685.6 232.0 185.6 168.0 121.6 117.4 
RT-4 3390 798.2 464.0 279.2 172.8 110.8 71.6 47.6 
RT-5 .2951 558.8 324.8 201.2 151.2 111.2 61.2 45.2 
RT-6 3102 602.0 240.8 148.4 95.2 72.0 39.2 43.6 
RT-7 3554 954.8 572.8 355.2 230.8 201.6 140.4 124.8 
RT-8 3139 625.2 397.6 284.0 192.0 120.8 91.6 66.4 
Sampling Mean 
Standard Deviation 
'1: Particle number of size greater than 10 J..l m per milliliter 
16 
60.4 
110.0 
77.2 
36.0 
32.0 
36.4 
106.8 
73.6 
Correlation Results 
1310 A § ;r 
4.215 0.4932 0.4784 0.9929 
4.363 0.4156 0.3934 0;9474 
3.786 0.4850 0.5543 0.9251 
4.006 0.5643 0.5594 0.9954 
4.969 0.4793 0.3734 0.9876 
5.745 0.4790 0.3116 0.9795 
3.787 0.4822 0.5521 0.9932 
4.747 0.4413 0.3664 0.9847 
4.4523 0.4800 0.4486 0.9757 
0.6735 0.043 0.0945 0.0256 
f--' 
N 
U1 
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filters with different filtration characteristics were selected for each 
set of tests. The filters were ranked as Excellent, Good, and Fair 
according to the individual degree of particle separation characteristic. 
Follm.;ring is the actual test procedure used to verify the Beta Prime 
theory: 
1. Conduct clean-up of system by using a clean-up filter. The 
background particle concentration level should be less than 10 
particles per milliliter greater than 10 micrometers as specified 
previously. 
2. Inject the ACFTD into the system and allm.;r to mix until a sui table 
initial concentration level is achieved. The initial gravimetric 
concentration level used is 20 mg/L. 
3. Record the initial particle concentration level.· 
4. Valve test filter into the test circuit. 
5. Record the downstream particle concentration at a predetermined 
increment. This increment is equal to the time of the fluid to 
complete a pass. 
A filter flow rate of one liter per minute and a two liter circulating 
volume were used for each test. The corresponding test data and the 
theoretical correlation results with the MIL-H-5606 were presented in 
Table XIV and Figure 46. It can be seen that the test results behave very 
well on the Beta Prime graph, which confirms the validity of the developed 
filtration model. The calculated Beta Prime values are 27.19, 4.01, and 
1.26 for excellent, good, and fair filters respectively. The credibility 
of filters is obviously revealed. 
The identical test process was performed with MIL-L-2104. Test 
data were tabulated in Table XV and Figure 47. The corresponding Beta 
Test ID 
No. 0 
PF-01 3425 
PF-02 3390 
PF-03 3150 
TABLE XIV 
FILTER TEST RESULTS HITH ~UL-H-5606 
Time (min) Correlation Results 
2 4 6 8 10 12 14 16 Sio A s r 
2703 2480 2274 2196 2037 1887 1752 1690 1.256 0.5315 16.156 0.9895 
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· Test ID 
No. 0 2 4 6 
PF-04 2909 2526 1819 1780 
PF-05 2939 1208 520.4 262.0 
PF-06 3215 447.2 147.2 40.4 
TABLE XV 
FILTER TEST RESULTS WITH HIL-L-2104 
Time (min) 
8 10 12 14 16 
1683 1433 1320 1191 1282 
140.4 90 86 74.8 55.2 
51.6 30.4 29.6 14.0 6.8 
Correlation Results 
{3;0 A s 
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Prime ten are 8.44, 2.74, and 1.27 for the excellent, good, and fair 
filters respectively. It is seen that the filtration performance of 
filters is degraded with the use of MIL-L-2140 oils. The reason for this 
degradation stems from the fluid viscosity effect. 
The viscosity of MIL-L-2104 oils (40 centi-stokes at 100 degrees 
Farenheit) is higher than that of MIL-H-5606 (14.3 centi-stokes). Figure 
48 illustrates the capture mechanism of a filter when a particle passes 
around it. For simplicity in motion analysis it is assumed that the 
Van-der-Waals force is the only force to attract the passing particle and 
the viscous force imposed on the particle is governed by Stoke's Law 
which has the following form: 
Fu = 6wv•n·d p 
where Fu flow force 
v = particle velocity 
d = particle size p 
n = fluid viscosity 
(5.17) 
Consequently, referring to Equation (5.17) and the capture mechanism 
shown in Figure 48, it may be concluded that the higher the fluid vis-
cosity, the lower the opportunity of particle capture. In other words, 
filters have a lower particle separation capacity if the working fluid 
viscosity is higher. This analysis also has been proven emperically by 
Ewbank (56). He carried out a series of tests by varying fluid viscosity 
from five centistokes to 108 centistokes to investigate the variation of 
filter separation efficiency by correlating test data. The result com-
firmed the previous proposition. Accordingly, the filter has a worse 
filtration performance with MIL-L-2104 oils. 
FILTER\ 
{a) CAPTURED CASE {b) CRITICAL CASE (c) ESCAPED CASE 
Fu1 < Fu2 < Fu3 
Fu: VISCOUS FORCE 
Fv : VAN-DER-WAALS FORCE 
Figure 48. Filter Capture Mechanisms 
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CHAPTER VI 
EXPERIMENTAL VERIFICATION OF THE 
TRIBO-FILTRATION MODEL 
General Considerations 
This chapter presents the experimental activities conducted to 
verify the developed tribe-filtration model, Equation (3.48). The model 
indicated that the accumulative abrasive wear rate of a rotating element 
is a function of system filter Beta Prime value, initial particle concen-
tration level, and particle size. As mentioned previously, in the hydro-
dynamic lubricating condition, abrasive wear is caused by particles with 
a size within the two extremities of oil-film thickness. Moreover, the 
major part of the wear occurs at the location of minimum film thickness. 
In addition, particles with a size comparable to the dimension of minj.mum 
film thickness are the most damaging. As a result, Equation (3.48) can 
be rewritten as: 
W(t) = 
t 
2: 
t=O ( 
N O,dp N 0 ,dp+1 2 )· K • d d p 
dp=h min 
where W(t) = accumulated wear rate up to time t 
h min = minimum film thickness 
-, 
No d = initial particle concentration of particle size 
' p 
greater than dp 
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( 6.1) 
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Sdp(t) = the Beta Prime filtration ratio of size dp 
Kd = wear coefficient depends on fluid property and 
material used. 
The Beta Prime value of each individual particle size can be obt.ained, in 
terms of the reference Beta Prime value, by employing Equation (3.52) sub-
jected to the particle size scaling constant. The particle size scaling 
constant can be obtained graphically or mathematically. Figure 49 sche-
matically illustrates the functional relationship between the Beta Prime 
filtration ratio and the particle size scaling constant. The mathematical 
approach utilizes the following equation. 
where 
Sp = (4.6052 -ln(ln( (3"' )))/2 e 10 
Sp = the particle size scaling constant 
s--lo = the Beta Prime ten value 
(6. 2) 
The initial particle concentration level can be calculated by using 
Equation (3.54). Further, the oil film thickness and wear coefficient 
are determined as long as the operating condition is set. Therefore, 
Equation (6.1) specifies the system tribe-filtration characteristic in 
terms of the reference Beta Prime value and the initial particle concentra-
tion. 
Experimental Tests and Data Analysis 
To validate the feasibility of the developed tribe-filtration model, 
a series of tesffiwere conducted. Figure 50 schematically illustrates the 
tribe-filtration test system. Basically, it incorporates two distinct 
systems: the Gamma wear test system and the Beta Prime filtration system. 
Unlike the Gamma wear test system, in which the system contamination level 
135 
BET A PRIME TEN FILTRATION RATIO 
~00 ~,.,_otf,.,_04 2 1.5 
: :J·i::· 
. ,., . 
:------: -::··--:---~ "7-t·:---7" 
. : - . : : : ::.: ~ ; ~ -: ~ . : 
__ .. __________ ... -····--·-
' ' . . . . ' '. 
. . . . . 
' ' ~~ 
.. , I . 
. . . . . t·•·· 
I I • • 
t . t :. 
. --- ...... -~---·-----+ 
. ' 
' ! I' 
.. I .. , .. 
~ ~ . ' ; . ! ! . 
-·· ---1- ·-···---·--- -------·------ -------·-·-··-
--: ----~ _.;_.:._: :..:::r - .: .... : ... --: - . 
' ' .. - ·----~~- ------·-· ·- ·--···--· .. 
' ' ' . 
. ----i---.-1...-------..-~- .. -·- -----·-~--!.--~.-------·· ----. -<---t--
1 I . ' ! I 
I 1 ' , t·• . - oi··· • • ·I I • 
' ! 
1-1-~-+-l-_...._;__,f.--.--.-,-tH-++---i[.............-;__,_-+-----~+-----:--;--:~-- ---------- ·-·- .. :.~ 
: , , ... 'I 
·; : : : : -: -t . 
. ' 
! , I, 
1000 
(urn) 
Figure 49. The Log-Normal Model of Beta Prime System 
I I I I I 
BETA PRIME FILTER TEST STAND 
FLUID FROM 
• ., HYDRAULIC 
SYSTEM 
JOURNAL 
BEARING 
....,.,...,..,..,_ASSEMBLY 
CLEAN-UP 
FILTER 
GAMMA WEAR TEST STAND 
Figure 50. Schematic of Tribo-Filtration System 
....., 
w 
0\ 
137 
is governed by a self-lubricating circuit, the tribe-filtration system 
uses the Beta Prime filtration system to control the contamination level. 
By this arrangement, the wear phenomena can be directly monitored and 
investigated in terms of the correlation obtained between the wear rate 
and the filtration ratio. 
Since the repeatability and accuracy of both the Gamma system and 
the Beta Prime system have been demonstrated in previous chapters, thus, 
no qualifying test for the tribe-filtration system were performed. 
Two sets of tests were conducted with mineral base fluids, MIL-H-
5606 and MIL-L-2104 respectively. Each set of tests includes two tests 
for each individual filter, and three kinds of filters were used. They 
were ranked as Excellent, Good, and Fair performance as used in Chapter V. 
In order to minimize the experimental error, the filters used in this 
chapter were from the same stoke of filters used in Chapter V. 
All the operating conditions were kept the same as used in the Gamma 
wear system and the Beta Prime system. A gravimetric particle concentra-
tion level of 100 mg/L was introduced into the system. A circulating 
flow rate of one liter per minute with a two~liter circulation volume 
were maintained throughout the test. 
The test results were tabulated in Table XVI and the average wear 
obtained fr'lm two identical tests, but with a new filter each time were. 
shown in Figure 51. Thw wear test results, observed by using different 
filters, were compared with the wear results that were obtained in the 
contaminated condition without filter protection. It is found that a 
filter with a higher Beta Prime filtration value will provide better 
protection to the rotating element from contaminant induced wear. It is 
observed that the filter with a Beta Prime ten of 1.26 results in an almost 
TABLE XVI 
TRIBO-FILTRATION TEST RESULTS 
Kind of MIL-H-5606 
Filter Test 1 Test 2 Avg. Simulated Test 1 
Excellent 20~'> 20 20 23 20 
Good 160 180 170 66.5 100 
Fair 280 240 260 244 150 
;'c Height loss of journal in pm 
MIL-L-2104 
Test 2 Avg. 
10 15 
40 70 
110 130 
Simulated 
15.2 
39.3 
109. 
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equal amount of wear as that obtained in the no filter protection system. 
On the other hand, there is only a negligible amount of wear observed 
when the system is protected by the filter with a Beta Prime ten of 27.2. 
This confirms the performance of the tribe-filtration model, namely, the 
higher the Beta Prime of a filter, the better it protects the system from 
contaminant induced wear. 
The tribe-filtration model, Equation (6.1), was simulated using the 
actual operating condition and the corresponding Beta Prime value of each 
individual filter. The simulation data are tabulated in Table XVII. The 
simualtion time is ten minutes. This is because most of the ACFTD parti-
cles lose their effectiveness of abrading the solid surfaces in this time 
period, if they are cutting the surfaces (27, 37). The simulation results 
are tabulated in Table XVI and plotted in Figure 52 for the case of using 
MIL-H-5606 oils. As can be seen the simulation results have good agreement 
with the test data for both excellent filters and fair filters. However, 
a discrepancy does occur in the use of good filters. This might be due to 
crush effect existing between the particle and the journal bearing, Figure 
53. Larger particles were crushed into smaller particles when they en-
trained into the bearing. If the good filter could not remove the crushed 
particles effectively, then the higher wear rate was expected in the test. 
Nevertheless, the crushed particles do not affect the filtration perfor-
mance of the excellent filters and the fair filters. The reason for this 
is evident since the excellent filter removes almost all the crushed 
particles. On the other hand, the concentration of crushed particles as 
compared to that of the same size particle in a system with fair filter is 
almost negligible. Thus, it does not change the filtration performance of 
the fair filter much. These results validate the model. 
TABLE XVII 
SIHULATION DATA FOR TRIBO-FILTRATION HODEL 
Fluid 61o 
MIL-H~5606 1.26 
MIL-H-5606 4.0 
HIL-H-5606 27.18 
HIL-L-2104 1.20 
HIL-L-2104 2.741 
HIL-L-2104 8.396 
Sfo = Beta Prime Ten value 
A = Beta Prime Slope 
S = Time Scaling Constant 
A 
0.5316 
0.5643 
0.1200 
0.8031 
0. 7119 
0.4956 
Sp = Particle Size Scaling Constant 
hmin = 10 ].lm 
s 
16.15 
0.5394 
0.00005 
8.097 
0.9882 
0.2179 
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CHAPTER VII 
APPLICATIONS AND EXTENSIONS 
OF THE RESEARCH 
Contaminant i.Jear Control 
Through Filtration 
The wear behavior of most lubrication systems normally depends on 
four distinguishing properties. They are filter performance (Beta), 
working fluid properties (Gamma), component material characteristic 
(Omega), and the entrained abrasive particle property (Zeta). All these 
parameters are also affected by environmental variables, for instance, 
temperature, pressure, flow rate, duty cycles, etc. Figure 54 illustrates 
the functional block diagram specifying the interference between each 
parameter. System tribe-filtration characteristics are essentially 
governed by these parameters. 
The result of this research deals directly with Beta, Gamma, and Omega 
properties and only partially with Zeta. This section presents the appli-
cation of tPe Beta Prime theory to control the tribological wear caused 
by the contaminants. 
In practice, the designers and users of lubrication systems normally 
failed to answer questions such as: what level of cleanliness is required 
to protect a component from contaminant wear? and how to select a filter 
that meets the requirements? Answers to the above questions can not be 
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generally given due to a lack of technical knowledge. It is a practical 
question; however, it has deterred system designers from investigating it 
due to the lack of an effective filtration analysis technique and an ade-
quate contaminant wear assessment method. The development of this study 
is intended to promote the state-of-the-art in tribe-filtration to 
practical applications. 
The tribe-filtration model, Equation (3.48) developed in Chapter III 
and verified in Chapter VI stated that the particle concentration level 
and the minimum film thickness were two predominant parameters that governed 
the contaminant wear characteristic of a rotating element. Both the exper-
imental results and the previous investigations also showed that particles 
with size less than the minimum film thickness were not significantly harm-
ful to the critical element. Further, the wear increased as the particle 
concentration increased up to some critical point. Moreover, the particle 
concentration level is controlled by the filter used in the system. As a 
result, it is feasible, by using the proposed tribe-filtration theory, to 
select a filter to provide an environment that satisfies contaminant 
tolerance requirements or vice versa. 
It is noted that the minimum oil film thickness can be obtained in 
terms of the Sommerfeld number and journal eccentricity ratio. Also, the 
Log-normal filter efficiency chart provides a graphical technique to cor-
relate the Beta Prime with respect to each individual particle size with 
the reference Beta Prime value. Thus, it is conceived that a combination 
of the minimum film thickness chart and the log-normal filtration chart 
may enable the tribe-filtration theory to be applied to practical designs. 
Figure 55 shows the proposed tribe-filtration control chart. The following 
paragraphs present an example problem, and it is solved by the above 
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described tribe-filtration rationale. 
Suppose that a hydraulic pump bearing is designed to support an 
external load of 14,000 lbs. The bearing is a 180-degree partial journal 
bearing with a journal radius of 2 inches, the bearing length of 4 inches, 
and the radial clearance of 0. 001 inches. The pump is ~vorking with mineral 
base oil MIL-H-5606 at 1800 rpm rotation speed. The operating temperature 
is 100-degree Farenheit. Assuming, in order to protect the pump from con-
taminant wear, it requires that 99.9 percent of the particles with a size 
greater than the minimum film thickness must be removed from the system. 
Therefore, the designers interest lies in specifying the performance of 
filters that meet the requirement. The Beta Prime ten value is normally 
given as the reference filtration ratio for a given filter. It frequently 
specifies the filter performance in terms of the Beta Prime ten value. 
This specification approach is adopted in the explanation of the filtration 
characteristic in the following example. 
According to the given parameters the Sommerfeld number calculated 
is 0.2743. From Figure 55, it is found that the minimum film thickness 
is 0.59 times the radial clearance. This is equal to 15 micrometers. Then, 
the filtration chart shows that in order to remove 99.9 percent of parti-
cles with size greater than 15 micrometers, it requires a filter of Beta 
Prime ten of 25. Thus, the filter performance is specified. 
Furthermore, if the operating condition changed, for example, the 
external load increased to 22,600 lbs, the filter used to protect the 
bearing from contaminant wear should be respecified to meet the new require-
ment. An external of 22,600 lbs results in a minimum film thickness of 
12 micrometers. In this case, a filter of Beta Prime ten of 100 is 
required. 
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The above example demonstrates one of the applications of the results 
of this study. In addition to this application, the developed Beta Prime 
filtration system can effectively be used to evaluate the performance of 
a lm.,r flm.,, high beta filter. Furthermore, the developed thick film Gamma 
Hear test system can also be used to evaluate the anti-,.,ear characteristic 
of fluid in hydrodynamic lubrication. Figure 56 illustrates the test 
results obtained from five different fluids. The 'tvear behavior varies 
with different fluid. The significance of the application is obviously 
revealed. 
Recommendation for Further Study 
This research initiated the study of the tribe-filtration character-
istic of a rotating element. This research provides valuable technical 
knowledge in the investigation of the properties of Beta, Gamma, Omega, 
Zeta as well as environmental factors. In order to promote the developed 
technology to complete the study of wear control in terms of Beta,. Gamma, 
Omega and Zeta, the following recommendations are made: 
1. The most obvious extension of the use of the Gamma machine is to 
include the tests of several different fluids, material combina-
tion of bearings, and different test dusts. Such comprehensive 
studies are deemed necessary to complete the wear control 
investigation •. 
2. In order to transfer the Gamma rating method into practical appli-
cation, the use of a non-intrusive wear analysis technique, for 
example, the Ferrography technique is recommended. Currently, the 
direct measurement of the weight loss of the critical component 
is used. 
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3. As a result of the Gamma test, it was indicated that the minimum 
film thickness is a critical parameter affecting wear behavior. 
Thus, it is of interest to investigate the wear behavior by 
varying the film thickness. 
4. Fatigue is the other failure mode in addition to the abrasion 
caused by the contaminant in the lubricant. It normally occurs 
in elasto-hydrodynamic lubrication condition and requires a con-
siderable time (as compared to the abrasion) to fail the surface. 
This study did not cover the discussion of fatigue mechanism be-
cause the filtration theory proposed was based on the single 
injection concept. Further, the ACFTD lost its effectiveness of 
abrasion during short test period. These two factors inhibited 
the establishment of an ideal contamination condition to investi-
gate fatigue effects. Although this topic was not discussed, it 
is recommended that the phenomena be investigated, along with the 
Beta system, which essentially includes the injection mechanism. 
5. The Beta Prime filtration theory should be extended further to 
include the capacity pressure differential, flow rate and by-pass 
leakage factors. These are considered as important factors that 
may affect the performance and the service life of filters in 
practical application. 
6. The extension, using the flat sheet medium as a test filter \vith 
the element type filter, is also recommended. The performance 
comparison between these two types of filters may provide valuable 
technical information for filter manufacturing application. 
7. The concept of the Beta prime theory could also be extended to 
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investigate the performance of the ~·Iater removal filter subject 
to the availability of an adequate ~vater content measuring device. 
CHAPTER VIII 
SUMMARY AND CONCLUSIONS 
Summary 
This thesis investigates the problem of the tribological wear control 
of a rotating element through filtration. The overall objective of the 
study is to develop a contamination control theory for predicting the per-
formance of a filter and its associated tribological wear degradation of 
rotating elements in a mechanical system. 
Most rotating elements have a journal-form bearing and operate under 
hydrodynamic lubrication conditions. The external load imposed on the 
bearing is supported by the pressure generated due to the wedge action of 
the oil film formation. The lubrication condition is governed by the 
bearing characteristic number, the Sommerfeld number (which is a parametric 
group of the load pressure, rotation speed, fluid viscosity, and the geo-
metric factors of the bearing). 
In a hydrodynamic lubrication condition, the bearing surfaces are 
separated by the oil film and, therefore, no wear exists. Various bearing 
parameters can be investigated by solving the Reynolds equation, included 
in these parameters is the oil film thickness. If the entrained abrasive 
particles are of a size comparable to that of the minimum oil film thick-
ness, the particle dramatically deteriorates the bearing surfaces. 
The abrasive particles are part of a three-body cutting mechanism in 
a lubricated system. The particle embeds into the softer surface and 
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abrades the harder surface. With this in mind, the tribological wear 
model is derived based on both the cutting mechanism and the ~.;redge inden-
tation principle. The model is expressed in terms of the properties of 
lubricants, bearing material, and abrasive particles. 
Filters are used in the lubrication system to remove harmful particles 
from the lubricant. No filter can completely filter out all the particles 
of the lubricant since there are flow passages in the filter to pass fluids. 
A multipass filtration theory, the Beta Prime, is developed to evaluate 
system filtration characteristic. The Beta Prime model is formulated in 
accordance with the concept of a draw down process. The filtration ratio 
is defined as the ratio of initial particle concentration of size greater 
than a given size to that downstream of the filter. The reference Beta 
Prime value is set as the filtration ratio obtained when the fluid has 
completed the first pass. The downstream particle concentration used to 
derive the filtration ratio is correlated by means of the least-square 
curve fitting method by using nine test data observed at the consequential 
operating points. Included in these nine data points is the initial con-
centration data point. 
The tribe-filtration model is a result of the combination of both 
the t-.rear model and the Beta Prime filtration model. The mathematical 
expression of the developed filtration model utilizes the standard ACFTD 
distribution (ISO 4402) as the contami~ant concentration parameter and · 
assumes a log-normal filter pore size distribution; although, the model 
is also generalized for other parameters. 
The contaminants used in the development of the \-.rear model and the 
filtration model are presumed to have the same material property and geo-
metric characteristics as ACFTD. The particle shape is a square prism 
in nature. 
The wear model was validated by the Gamma machine which is a 
modification of the Gamma Falex Machine with the lower load capability 
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and a partial bearing system. It is capable of establishing hydrodynamic 
lubrication conditions. The Beta Prime theory was verified by the draw 
down filter test stand which is specifically designed to test a low-flow, 
high beta filter. Finally, the tribe-filtration model was evaluated on 
the system which links the Gamma tester and the Beta Prime tester together. 
Conclusions 
From the research investigation described in the preceding Chapters, 
several noteworthy conclusions can be made. The major accomplishments and 
conclusions of this research are listed as follows: 
1. A wear model ~vas developed which emphasized the tribological 
interference between lubricant, abrasive particles, and the bearing 
surfaces of a rotating element. Classic hydrodynamic lubrication 
theory was reviewed and applied to formulate the three-body 
abrasion mechanism along with a cutting theory and a wedge inden-
tation process. 
2. A new multipass filtration theory, the Beta Prime, was developed 
based on a draw down process. The Beta Prime has a single figure 
of merit in evaluating the particle separation characteristic ·of 
an increasing family of low flow, high beta filters. 
3. The tribe-filtration model signifies the effect of system filtra-
tion characteristics on wear control. It includes the concepts 
of lubrication, wear, and filtration theories. 
4. Experimental activity was conducted to verify the developed wear 
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model by using a converted Gamma Falex machine. Yne results 
showed that the Gamma Falex machine was operated in an 'overload' 
condition. So much so that only boundary lubrication exists. No 
hydrodynamic lubrication was possible. 
5. The Gamma machine is an improved version of the Gamma Falex 
machine. The loading mechanism was modified and the v-blocks 
were replaced by the 120-degree partial bearing with L/D of two. 
The modifications allow the establishment of hydrodynamic 
lubrication. 
6. The wear index used in the Gamma system is the weight loss of the 
journal during a prescribed test time interval rather than the 
teeth advanced on the loading wheel. This is because abrasive 
wear behaves as a local cutting process instead of a surface ad-
hesion. Thus, the Falex wear-monitoring principle is no longer 
applicable to the Gamma system. 
7. Tests have been carried out to ensure the formation of the hydro-
dynamic lubrication according to the operating parameters speci-
fied by the bearing characterisitc number. No wear was observed 
under the prescribed load conditon. 
8. ACFTD was introduced into the Gamma system. The abrasive wear 
~·las investigated both quantitatively and qualitatively. The 
test result indicated that for this bearing configuration, the 
wear rate is proportional to the injected particle concentration 
within a range from 0 to 200 milligrams per liter. The linear 
characteristic between particle concentration and wear rate vali-
dates the developed wear model. 
9. The cause of a decreasing ~vec:~r rate with the increasing particle 
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concentration after 200 mg/L is due to the pressure of each 
individual particle being lower than that required to indent the 
surface. 
10. The qualitative examination of the journal bearing after the 
contamination test using an SEM shows that the ACFTD embedded on 
the bearing (brass) and cut the journal (steel). This confirms 
the proposed three-body cutting mechanism. 
11. The results of the Beta Prime filtration tests showed that the 
better the particle separation performance a given filter has, the 
higher the Beta Prime value obtained. 
12. The Beta Prime value can be obtained mathematically or graphically. 
The model has a linear characteristic on the Beta Prime graph. 
13. The experimental tests with the use of the mineral base fluid 
MIL-L-2104 revealed a lower wear rate and a worse filtration 
characteristic than those using MIL-H-5606. 
14. The results of the tribe-filtration tests revealed that the 
filtration characteristic can significantly affect the tribologi-
cal wear behavior of a rotating element. The higher Beta Prime 
filter protects the system from wear more adequately. 
15. The use of the Monte Carlo technique to simulate the tribe-
filtration model has also been discussed. The simulation results 
showed the same tendency as the proposed tribe-filtration model. 
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APPENDIX 
TRIBO-FILTRATION USING MONTE 
CARLO SIMULATION 
The filtration mechanism has been widely studied during the past 
three decades. Nevertheless, due to the complicated filter structure 
and the inherently random characteristics of particles, the formulated 
filtration model normally incorporated equations which could not be solved 
analytically. Until the use of the computer in research applications 
became popular, there was no means for using these models to explain 
system filtration characteristics satisfactorily. 
In computer simulation, the numerical integration method and Monte 
Carlo simulation technique are usually involved in solving stochastic 
problems. Filtration is a typical stochastic process. Hence, these tech-
niques have been used in analyzing filtration problems. Considering the 
programming simplicity, the Monte Carlo method is the most straightforward 
approach which can be employed. This appendix is intended to apply the 
Monte Carlo method to simualte the tribe-filtration process. 
The Monte Carlo method is generally defined as representing the solu-
tion of a problem as a parameter of a hypothetical population, and using 
a random sequence of numbers to construct a sample of the population from 
which statistical estimates of the parameter can be obtained. Very often, 
in computer simulation practice, a procedure is required to generated 
random variables to satisfy certain conditions. 
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From the standpoint of the tribe-filtration process, several para-
metric groups can be treated as random variables to achieve the Monte Carlo 
simulation. These include filter pore size distribution, the contaminant 
particle size distribution, the particle motion characteristics, and the 
point where a given particle enters the journal bearing. 
According to the discussions in the preceding chapters, it is reason-
able to assume that the filter pore size distribution has a Log-normal 
shape. It is controlled by the mean pore size and the standard deviation 
of size. A uniform distribution is the best function to describe the 
particle motion attitude. In regards to the contaminant (ACFTD) particle 
size distribution, an emperical model is required since there is no common-
ly used standard function to represent the prescribed particle size distri-
bution. 
Mathematically, the uniform distribution on the interval (0,1) is the 
"seed" of other distributions. Normally, once the uniform random number 
generator is established, the other distr.ibutions can be derived and 
generated. The detailed discussion of the mathematical manipulation of 
generating a specific function is beyond the scope of this research; how-
ever, most of them can be found in the International Mathematics and 
Statistics Library (IMSL) package. 
Figure 57 schematically illustrates the tribe-filtration process. It 
is noted that a square prism shape contaminant is randomly "generated" 
according to the ACFTD particle size distribution. The particle is ran-
domly oriented in the space. In addition, one of the filter "pores" is 
then generated with a random size. The size of the pore is compared with 
the longest projected length obtained from ACFTri orientation. The me-
chanical sieving mechanism is applied to determine particle capture. Thus, 
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Figure 57. The Tribo-Filtration Process 
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if the particle projected size is larger than the filter pore size, the 
particle is caught, otherwise it passes through the filter. An escaped 
particle moves into the journal bearing and its size is compared with the 
inlet film thickness to determine the possibility of its reaching the 
critical bearing surfaces. If the particle size is larger than the 
minimum film thickness and less than the inlet film thickt1ess, then wear 
occurs. Thus, it is feasible to simulate the tribe-filtration process 
by repeating this procedure. Figure 58 illustrates the flow chart for 
achieving such a simulation. 
It is of significance to determine an adequate sampling size before 
conducting the tribe-filtration simulation. For this purpose, six sample 
sizes were tested. They were 500, 1000, 2000, 5000 and 10000, respective-
ly. The corresponding filtration simulation results were tabulated in 
Table XVIII. It is seen that the Beta Prime filtration ratio raeches a 
stable value if the sampling size is greater than 5000. Consequently, 
the sample size of 5000 is used throughout the tribo-filtraion simulation 
in this study. 
The following is an example problem to demonstrate the use of Monte 
Carlo method in the simulation of the tribe-filtration process. Assume 
that the filter has a mean pore size of 20 micrometers with a standard 
deviation of 3 micrometers. In addition, the bearing has an eccentricity 
of 0.5 and a radial clearance of 0.001 inches. This provides a minimum 
film thickness of 12.7 micrometers. The process was simulated sequentially 
for five passes, and randomly generated 5000 particles during each pass 
for a total of 25,000 particles. The simulation result showed that 421 
of these 25,000 particles did damage to the bearing surface. If, however, 
'UPDATE 
PARTICLE 
DISTRIBUTION 
YES 
START 
INPUT DATA 
CALL PARTLE 
(particle size dist.) 
CALL ,ROT ATE 
(particle orientation) 
CALL FILTER 
(pore size,sieving) 
CALL BEARNG 
(film thickness) 
OUTPUT DATA 
(Beta Prim€\, wear) 
Figure 58. Monte Carlo Simulation Flow Chart 
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TABLE XVIII 
FILTRATION SHfULi\TION RESULTS WITH 
DIFFERENT SAMPLE SIZES 
Sample Size ~5- sa Sio Si2 
500 1. 39 2.09 3.12 "" 
1000 1.42 2.35 3.70 28.2 
2000 1.48 2.54 3.96 9.92 
5000 1.45 2.44 4.03 8.63 
10000 1.45 2.43 3. 85 7.72 
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the filter mean pore size was reduced to 10 micrometers, only one of the 
25,000 particles did damage. It is of significance that the simulated 
Beta Prime ten is 1.54 and 10000 for filters with mean pore size of 20 
and 10 micrometers, respectively. 
The simulation results confirm the validity of the proposed tribe-
filtration mode.l which indicates that a higher Beta Prime ·filter reduces 
the wear damage to bearing surfaces. 
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